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Preface  to  the  Series 


The  Corrosion  Testing  Made  Easy  series  was  conceived  in  1983  by  members  of  the  NACE  Publications  Committee 
in  recognition  of  the  need  for  easy-to-follow  guidelines  on  specific  types  of  corrosion  testing.  While  many  test 
procedures  are  defined  in  NACE  and  industry  standards  and  some  textbooks,  it  was  noted  that  none  of  these 
sources  was  written  with  the  beginner  in  mind;  all  assumed  some  prior  experience  with  corrosion  testing  and 
familiarity  with  corrosion  terminology. 

This  situation  inevitably  leads  to  a  need  for  the  entry-level  technician  to  be  trained  initially  by  a  more  experienced 
experimentalist.  The  cost  of  such  training  can  be  quite  high,  especially  if  a  highly  paid  professional  scientist  or 
engineer  must  do  the  training.  Furthermore,  because  of  demands  on  their  time,  the  more  experienced  experimentalist 
may  not  always  be  available  to  give  timely  advice.  Consequently,  there  seemed  to  be  an  urgent  need  for  a  series 
of  books  that  could  guide  an  entry-level  technician  through  a  corrosion  test  procedure  with  little  or  no  assistance. 
These  books  would  make  no  assumption  about  prior  knowledge  or  expertise.  They  would  describe  the  possible 
difficulties  in  performing  the  experiment  and  would  indicate  how  to  correct  mistakes  if  they  were  made.  The  books 
would  each  contain  an  unusually  large  number  of  illustrations  on  the  grounds  that  “one  good  picture  is  worth  a 
thousand  words.”  Hence,  the  Corrosion  Testing  Made  Easy  series  was  created. 

Each  author  for  the  series  was  chosen  with  great  care.  All  authors  are  technically  very  competent,  all  have  had 
many  years  of  hands-on  experience  in  performing  corrosion  testing,  and,  perhaps  even  more  important,  they  have 
a  reputation  for  clear,  concise  writing. 

Most  of  the  books  in  the  series  can  be  used  as  step-by-step  guides  to  performing  specific  types  of  corrosion  tests, 
e.g.,  stress  corrosion  tests  or  electrochemical  tests.  However,  the  introductory  volume,  The  Basics,  describes 
techniques  and  equipment  that  are  common  to  most,  if  not  all,  corrosion  tests.  It  provides  a  glossary  that  relates 
to  corrosion,  and  it  contains  some  basic  principles  of  corrosion  and  electrochemical  theory.  Although  the  practical 
aspects  of  corrosion  testing  are  emphasized  in  all  volumes  in  the  series,  theoretical  aspects  are  introduced  when 
they  can  help  the  experimentalist  perform  a  test  with  greater  ease. 

More  than  a  dozen  volumes  are  planned  for  publication  in  the  next  few  years.  While  they  are  introduced  primarily 
for  entry-level-technicians,  it  is  clear  that  these  books  may  be  also  useful  for  more  experienced  scientists  and 
engineers.  For  instance,  engineers  skilled  in  the  art  of  performing  fatigue  tests  may  use  the  Corrosion  Testing 
Made  Easy  series  to  obtain  practical  advice  about  extending  their  knowledge  of  corrosion  fatigue  tests.  Or  an 
experienced  biologist  may  need  help  in  performing  a  seawater  corrosion  test  as  part  of  a  larger  study  on  marine 
toxicology.  Whoever  uses  the  series,  one  thing  is  certain— the  volumes  are  unique  and  fill  an  important  gap  in 
scientific  literature. 


Barry  C.  Syrett 
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CAUTION 


The  test  methods  described  in  this  publication  may  involve  hazardous  materials,  operations,  and  equipment.  This 
publication  does  not  purport  to  address  all  of  the  safety  problems  associated  with  the  test  methods.  It  is  the 
responsibility  of  whoever  uses  these  test  methods  to  consult  and  establish  appropriate  safety  and  health  practices 
and  to  determine  the  applicability  of  regulatory  limitations  before  use. 


CHAPTER  1 


Introduction 


Microbial  biofilms  of  varied  composition  and  thickness 
develop  on  all  surfaces  in  contact  with  aqueous  envi¬ 
ronments,  a  process  known  as  biofouling.  Microorgan¬ 
isms  are  organisms  that  cannot  be  seen  as  individuals 
with  the  unaided  human  eye.  Microorganisms  use 
polysaccharides  to  cement  themselves  to  surfaces, 
grow,  reproduce,  and  produce  more  extracellular  poly¬ 
mers.  Biofilms  contain  immobilized  cells  embedded  in 
an  absorptive  and  porous  organic  polymer  matrix  of 
microbial  origin.  As  a  result,  biofilms  consist  of  a  large 
percentage  of  adsorbed  and  entrapped  materials,  in¬ 
cluding  solutes,  heavy  metals,  and  inorganic  particles, 
such  as  silt  and  clay,  in  addition  to  the  cellular  constitu¬ 
ents. 

Biofilm  formation  and  metallic  corrosion  have  tradi¬ 
tionally  been  evaluated  as  separate,  independent  pro¬ 
cesses  that  occur  simultaneously  or  sequentially  on 
metal  surfaces.  However,  the  role  of  microorganisms 
in  the  corrosion  of  metals  has  received  increased  at¬ 
tention  in  recent  years  as  chemical  processing,  oil  and 
gas,  and  power  generation  industries  have  acknow¬ 
ledged  the  occurrence  and  prevalence  of  microbiologi- 
cally  influenced  corrosion  (MIC)  in  operating  systems. 
MIC  has  been  documented  for  metals  exposed  to  sea¬ 
water,  freshwater,  demineralized  water,  process  chemi¬ 
cals,  foodstuffs,  soils,  fuels,  human  plasma,  and 
sewage. 

Testing  for  MIC  can  determine  (1)  whether  a  particu¬ 
lar  metal/microbe  combination  will  result  in  an  unac¬ 
ceptable  level  of  corrosion  or  (2)  whether  microbes  are 
responsible  for  specific  failures.  There  are  no  definitive 
tests  for  MIC.  Instead,  several  types  of  circumstantial 
evidence  contribute  to  the  conclusion  that  MIC  will  take 
place  or  has  taken  place.  MIC  does  not  result  in  a  spe¬ 


cific  type  of  localized  attack.  MIC  can  result  in  pitting, 
crevice  corrosion,  under-deposit  corrosion,  dealloying/ 
selective  leaching,  or  enhanced  erosion  corrosion.  It  is 
helpful  to  know  the  numbers  and  types  of  microorgan¬ 
isms  that  can  be  linked  to  an  apparent  corrosion  mecha¬ 
nism,  their  spatial  distribution,  and  their  relationship  to 
localized  corrosion  even  though  there  is  no  direct  cor¬ 
relation  between  the  number  of  microorganisms  and 
the  likelihood  of  MIC. 

MIC  detection  and  verification  techniques  involve  in¬ 
spection  of  corroded  materials,  test  specimens,  or  cor¬ 
rosion  deposits  to  identify  specific  types  and  numbers 
of  bacteria  (e.g.,  sulfate-reducing  bacteria  [SRB]  and 
metal-depositing  bacteria),  or  corrosive  byproducts, 
such  as  chlorides,  acids,  or  sulfides. 

Four  types  of  evidence  are  used  to  verify  MIC:  met¬ 
allurgical,  microbiological,  chemical,  and  electrochemi¬ 
cal.  In  the  following  sections,  the  reader  will  be 
introduced  to  the  fundamentals  of  biofilm  formation, 
cellular  constituents  of  biofilms,  mechanisms  for  MIC 
and,  most  importantly,  tests  that  can  be  used  in  the 
laboratory  and/or  the  field  to  determine  the  likelihood 
and  extent  of  MIC. 


Biofilm  Formation _ _ 

Microorganisms  are  classified  as  either  eucaryotes 
or  procaryotes.  Eucaryotes  have  a  true  nucleus  and 
include  algae,  fungi,  and  protozoa.  Procaryotes  lack  a 
true  nucleus  and  include  bacteria.  Protozoa  may  be 
amoeboid,  flagellated,  or  ciliated.  They  are  predators 
of  bacteria  and  algae,  removing  them  from  biofilms. 
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Algae  are  unicellular  photosynthetic  organisms  that 
sometimes  are  motile  and  colored.  They  are  found  in  a 
wide  range  of  environments  —  from  freshwater  to  con¬ 
centrated  brines,  pH  from  5.5  to  9.0,  and  temperatures 
from  below  0°C  to  40°C  (32°F  to  104°F).  In  the  pres¬ 
ence  of  light,  algae  produce  oxygen  (photosynthesis) 
that  can  accumulate  within  biofilms.  In  the  absence  of 
light,  algae  consume  oxygen  (respiration)  and  reverse 
the  process.  Diatoms  are  microalgae  that  have  silicon- 
containing  frustules  and  often  are  the  most  conspicu¬ 
ous  constituents  within  biofilms  (Figure  1). 
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FIGURE  1  -  Scanning  electron  micrograph  of 
diatoms  from  a  marine  biofilm. 


Fungi  are  nonphotosynthetic  and  have  a  vegetative 
structure  known  as  a  mycelium  that  is  the  outgrowth  of 
a  single  reproductive  cell  or  spore.  Neither  spores  nor 
mycelia  are  capable  of  movement.  A  mycelium  can 
grow  to  an  indefinite  length  so  fungi  often  reach  macro¬ 
scopic  dimensions.  Although  soil  is  the  most  common 
habitat  of  fungi,  many  fungal  groups  are  aquatic.  Fungi 
assimilate  organic  material  and  produce  organic  acids, 
including  oxalic,  lactic,  acetic,  and  citric.  Yeasts  are  fungi 
that  multiply  by  forming  buds. 

Bacteria  have  received  the  most  attention  for  their 
presence  and  activities  within  biofilms.  Bacteria  may 
be  spherical,  rod-shaped,  filamentous,  or  helical 
(Figure  2).  They  may  occur  individually,  but  they  tend 
to  form  colonies  within  the  biofilm,  reproducing  by  bi¬ 
nary  fission  or  cell  division. 
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FIGURE  2  -  Environmental  scanning  electron 
micrographs  of  cells  within  a  biofilm  (a)  spherical, 
(b)  rod  shaped  and  filamentous,  and  (c)  helical. 
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Filamentous  bacteria  usually  range  in  length  from 
1-10  pm  and  are  about  0.2  pm  wide,  although  some 
filaments  may  be  several  hundred  pm  long.  Bacteria 
can  tolerate  a  wide  range  of  environmental  conditions, 
including  temperatures  from  less  than  0°C  to  99+°C 
(32°F  to  210+°F)  and  pH  from  0  to  12.  Bacteria  can  be 
grouped  according  to  requirements  for  oxygen  and 
sources  of  energy: 


Bacteria  also  can  be  grouped  according  to  their  nutri¬ 
tional  requirements.  Heterotrophic  bacteria  derive  en¬ 
ergy  from  a  wide  range  of  organic  molecules.  As  a  group, 
heterotrophic  bacteria  can  assimilate  almost  any  avail¬ 
able  carbon  molecule,  from  simple  alcohols  and  sug¬ 
ars  to  complex  polymers.  Autotrophic  bacteria  oxidize 
inorganic  compounds,  elements,  or  ions  (e.g.,  NH3, 
NO"2,  H2,  C02,  Fe+2,  Mn+2)  as  sources  of  energy. 


Obligate  aerobes  require  oxygen  for  survival 
and  growth. 

Microaerophilic  bacteria  require  low  oxygen 
concentration. 

Facultative  anaerobic  bacteria  prefer  aerobic 
environments,  but  can  live  under  anaerobic 
conditions. 

Obligate  anaerobic  microorganisms  cannot 
tolerate  oxygen  for  growth  and  survival. 

Obligate  anaerobic  bacteria  are  routinely 
isolated  from  oxygenated  environments 
associated  with  particles,  inside  crevices,  and 
most  importantly,  in  association  with  other 
bacteria  that  effectively  remove  oxygen  from 
the  immediate  vicinity  of  the  anaerobe. 


It  should  be  emphasized  that  the  nutritional  require¬ 
ments  for  laboratory  culture  of  a  single  bacterial  spe¬ 
cies  might  be  quite  specific,  but  in  a  mixed  population, 
the  nutritional  needs  of  one  bacterial  group  may  be  pro¬ 
vided  by  other  members  of  the  community.  Biofilms 
provide  protective  environments  for  bacteria,  and  in 
most  cases,  allow  different  types  of  bacteria  to  flourish 
within  strata  of  the  biofilm  (Figure  3).  Bacteria  within 
biofilms  act  cooperatively  to  produce  conditions  more 
favorable  for  growth  of  each  species.  Bacteria  nearest 
an  oxygenated  fluid  phase  are  provided  with  complex 
nutrients  and  oxygen. These  bacteria  use  oxygen,  break 
down  carbon  sources,  and  produce  simple  polymers 
and  fatty  acids.  Bacteria  deeper  within  the  biofilm  use 
these  waste  products  as  nutrients  that  are  metabolized 
to  fatty  acids,  carbon  dioxide,  and  hydrogen.  Succes¬ 
sive  stages  of  degradation  depend  on  the  chemistry  of 
the  liquid  phase  and  bacterial  species.  For  example, 
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FIGURE  3  - 
Strata 
within  a  ty¬ 
pical  biofilm 
and  poss¬ 
ible  react¬ 
ions  within 
the  strata. 
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acetogenic  bacteria  convert  nonfermentable  compounds 
to  carbon  dioxide  or  acetic  acid  and  hydrogen,  or  both. 
Other  microorganisms  consume  acetate  and  hydrogen. 
When  sulfates  are  present,  sulfate-reducing  bacteria 
(SRB)  predominate  because  of  the  ability  of  some  spe¬ 
cies  to  produce  the  enzyme  hydrogenase  that  reduces 
the  hydrogen  concentration  to  such  a  low  level  that  other 
bacteria  cannot  compete.  Hydrogenase  breaks  hydro¬ 
gen  molecules  down  to  constituent  protons  and  elec¬ 
trons  and  transfers  energy  to  the  organism  through  a 
series  of  organometallic  molecules  in  the  electron  trans¬ 
port  system. 

Substratum,  the  surface  to  which  microorganisms  at¬ 
tach,  plays  a  major  role  in  biofilm  processes  during  the 
early  stages  of  biofilm  accumulation  and  may  influence 
the  rate  of  cell  accumulation  as  well  as  distribution  of 
the  cells.  Electrolyte  concentration,  pH,  and  inorganic 
ions  influence  settlement.  The  presence  of  hydrated 
oxide  and  hydroxide  passivating  films  on  metal  surfaces 
provides  bacteria  with  sites  for  firm  attachment.  Simi¬ 
larly,  spalling  or  sloughing  of  corrosion  products  results 
in  detachment  of  biofilms  associated  with  corrosion 
products.  Microbial  colonization  of  a  substratum  in¬ 
creases  with  increasing  surface  roughness.  Welds,  for 
example,  provide  increased  numbers  of  sites  for  colo¬ 
nization  compared  to  smooth  pipe  surfaces. 

Energy  derived  from  organic  carbon  drives  het- 
erotrophic  microbial  growth  within  biofilms.  Generally, 
increasing  the  total  organic  carbon  (TOC)  increases  the 
assimilable  carbon  substrate  available  to  the  biofilm.  At 
high  organic  loadings,  substrate  flux  into  the  biofilm  will 
reach  a  constant  value  as  a  result  of  one  of  these: 

•  The  growth  rate  of  the  microbial  population  in 
the  biofilm  reaches  a  maximum, 

•  The  thickness  of  the  biofilm  exceeds  the 
penetration  depth  of  the  substrate  into  the 
biofilm,  or 

•  The  electron  acceptor  or  another  nutrient 
becomes  nutrient-limiting. 

Figure  4  is  a  composite  of  all  processes  contributing 
to  biofilm  accumulation.  Organic  carbon  is  present  in 
all  natural  and  processed  waters,  but  its  concentration 
can  vary  widely.  For  example,  TOC  in  seawater  off  the 
coast  of  Hawaii  is  1  g  nr3;  distilled  water,  1-2  g  nr3; 
Gulf  of  Mexico  coastal  water,  1 0  g  nr3;  oilfield-produced 
water,  150  g  nr3;  and  untreated  sewage,  200  g  rrr3. 


Carbon  is  not  always  the  growth-limiting  nutrient.  Phos¬ 
phorus  and  nitrogen  may  be  limiting  in  some  aquatic 
systems.  An  electrolyte  with  a  carbon  to  nitrogen  ratio 
(C/N)  equal  to  or  greater  than  7  is  considered  nitro¬ 
gen-limited  for  microbial  growth.  Cells  growing  in  such 
a  medium  tend  to  produce  copious  amounts  of  extra¬ 
cellular  polymer. 

Hydrodynamic  shear  stress,  related  to  flow,  influ¬ 
ences  transport,  transfer,  and  reaction  rates  within  the 
biofilm  as  well  as  detachment.  Bulk  water  temperature 
influences  the  rate  of  most  chemical  and  biochemical 
reaction  processes  as  well  as  transport  processes  within 
biofilms.  Biofouling  is  generally  more  of  a  problem  in 
the  summer  months  because  higher  temperatures  in¬ 
crease  the  rate  of  biological  processes. 


MIC  Mechanisms 


Microorganisms  within  biofilms  are  capable  of  main¬ 
taining  an  environment  radically  different  from  that  of 
the  bulk  medium  in  terms  of  pH  and  dissolved  oxygen 
as  well  as  organic  and  inorganic  species.  In  some  cases, 
these  interfacial  conditions  could  not  be  maintained  in 
the  bulk  medium  at  atmospheric  pressure  and  room 
temperature.  As  a  result,  MIC  can  lead  to  the  produc¬ 
tion  of  corrosion  products  that  would  not  be  predicted 
from  abiotic  experiments  and  thermodynamic  analyses. 


out 


FIGURE  4  -  A  composite  of  processes  contributing  to 
biofilm  accumulation.1 

(W.G.  Characklis,  “Biofilm  Processes,”  in  Biofilms. 

©1990  Reprinted  by  permission  of  John  Wiley  &  Sons,  Inc.) 
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Concentration  Cells 

In  aqueous  media,  macromolecules  adsorb  on  all  sur¬ 
faces  prior  to  colonization  by  microorganisms.  Adsorp¬ 
tion  of  organic  material  from  the  aqueous  phase  alters 
the  interfacial  surface  energy  of  the  solid  as  well  as  the 
corrosion  potential  (E^J  of  metal  surfaces.  The  physi¬ 
cal  presence  of  microbial  cells  on  the  surface,  in  addi¬ 
tion  to  their  metabolic  activities,  modifies 
electrochemical  processes.  Adsorbed  cells  grow,  repro¬ 
duce,  and  form  colonies  that  are  physical  anomalies  on 
metal  surfaces,  resulting  in  local  anodes  and  cathodes. 
Under  aerobic  conditions,  areas  under  respiring  colo¬ 
nies  become  anodic  and  surrounding  areas  become  ca¬ 
thodic  (Figure  5). 


FIGURE  5  -  Biofilm  formation  produces  a  localized 
anodic  site. 

A  mature  biofilm  that  covers  the  entire  surface  pre¬ 
vents  diffusion  of  oxygen  to  cathodic  sites  and  diffu¬ 
sion  of  aggressive  anions,  such  as  chloride,  to  anodic 
sites.  Outward  diffusion  of  metabolites  and  corrosion 
products  also  is  impeded.  If  areas  within  biofilms  be¬ 
come  anaerobic,  i.e.,  if  the  aerobic  respiration  rate  is 
greater  than  the  oxygen  diffusion  rate,  a  change  in  the 
cathodic  mechanism  occurs. 

Reactions  within  Biofilms 

Metabolic  processes  within  biofilms  affect  corrosion. 
It  is  traditional  to  discuss  microorganisms  within  biofilms 
as  aerobic  or  anaerobic,  and  by  individual  species. 
However,  microorganisms  form  synergistic  communi¬ 
ties  that  conduct  combined  processes  that  individual 
species  cannot.  Furthermore,  a  single  microorganism 
simultaneously  can  affect  corrosion  via  several  mecha¬ 
nisms.  Cell  death  or  lysis  within  a  well-developed  biofilm 
does  not  necessarily  mean  a  cessation  of  the  influence 
on  electrochemical  processes.  For  example,  pitting 
corrosion  continues  under  deposits  of  iron-depositing 
bacteria  independent  of  the  biochemical  activity  of  the 
bacteria. 


Algae  and  photosynthetic  bacteria  use  light  to  pro¬ 
duce  oxygen  that  can  accumulate  within  a  biofilm.  Dur¬ 
ing  dark  periods  they  respire,  converting  oxygen  to 
carbon  dioxide.  Over  the  normal  range  of  pH  values 
encountered  in  seawater,  oxygen  availability  has  a 
greater  influence  on  corrosion  than  pH  changes.  Oxy¬ 
gen  can  depolarize  the  cathodic  reaction,  leading  to 
increased  corrosion  rates.  Localized  respiration/photo¬ 
synthesis  can  lead  to  differential  aeration  cells  and  lo¬ 
calized  anodes  and  cathodes. 

When  bacteria  metabolize  nutrients,  the  organisms 
must  dispose  of  the  electrons  produced  by  metabolic 
processes.  In  aerobic  microorganisms,  the  terminal 
electron  acceptor  is  usually  oxygen,  which  is  converted 
to  water.  In  anaerobic  environments,  SRB  use  the  sul¬ 
fate  ion  as  the  terminal  electron  acceptor,  producing 
hydrogen  sulfide.  SRB  have  been  the  focus  of  many 
investigations  involving  MIC.  The  following  electro¬ 
chemical  reactions  involving  SRB  have  been  suggested 


for  MIC  of  iron: 

4Fe  — ►  4Fe+2  +  8e_  (anodic  reaction)  (1) 

8H20  -»  8H+  +  80H"  (water  dissociation)  (2) 

8H+  +  8e~  ->  8H  (adsorbed)  (cathodic  reaction)  (3) 
S04-2  +  8H  -+  S"2  +  4H20  (bacterial  consumption)  (4) 
Fe42  +  S'2  — *  FeS  (corrosion  products)  (5) 


The  overall  process  has  been  called  cathodic  depo¬ 
larization  based  on  the  theory  that  some  SRB  could 
remove  the  atomic  hydrogen  accumulated  at  the  cath¬ 
ode.  Removal  of  cathodic  hydrogen  forces  more  iron  to 
be  dissolved  at  the  anode.  Some  strains  of  SRB  also 
can  stimulate  corrosion  by  cathodic  depolarization  in¬ 
duced  by  microbiologically  produced  FeS.  The  impact 
of  oxygen  on  obligate  anaerobic  SRB  has  been  exam¬ 
ined,  and  the  highest  corrosion  rates  are  observed  dur¬ 
ing  periods  of  aeration. 

Most  heterotrophic  bacteria  secrete  organic  acids  dur¬ 
ing  fermentation  of  organic  substrates.  The  types  and 
amounts  of  acids  produced  depend  on  the  kind  of  mi¬ 
croorganisms  and  available  substrate  molecules.  Or¬ 
ganic  acids  may  force  a  shift  in  the  tendency  for 
corrosion  to  occur  as  measured  by  the  potential  shift 
between  anodes  and  cathodes.  The  impact  of  acidic 
metabolites  is  intensified  when  they  are  trapped  at  the 
biofilm/metal  interface.  Acetic  acid  from  Clostridium 
aceticum  and  sulfuric  acid  from  Thiobacillus  thioxidans 


Microbiologically  Influenced  Corrosion 


FIGURE  6  -  Possible  reactions 
under  tubercles  created  by 
metal-depositing  bacteria. 


are  obvious  contributors  to  corrosion.  Organic  acids 
produced  during  oxidation  of  organic  compounds  can 
promote  the  electrochemical  oxidation  of  a  variety  of 
metals  by  removing  or  preventing  formation  of  an  ox¬ 
ide  film.  The  pH  under  algal  fouling  varies  with  photo¬ 
synthesis/respiration.  Daily  pH  changes  of  up  to  two 
units  have  been  recorded  with  values  above  1 0  during 
photosynthesis.  In  decaying  algal  cultures,  pH  values 
as  low  as  1.8  have  been  measured. 

Many  organisms  produce  ammonia  (NHJfrom  the 
metabolism  of  amino  acids  or  the  reduction  of  nitrite  or 
nitrate.  Corrosion  failures  in  copper  alloys  due  to  the 
presence  and  activities  of  ammonia-producing  bacte¬ 
ria  have  been  documented.  In  solution,  ammonia  ion¬ 
izes  to  the  ammonium  ion  that  can  react  with  some 
metals  and  alloys  to  cause  corrosion. 

In  recent  years,  the  role  of  metal-depositing  bacteria 
in  MIC  has  been  stressed.  Metal-depositing  microor¬ 
ganisms  can  catalyze  oxidation  of  metals,  accumulate 
metal  oxides  as  precipitates,  or  derive  energy  by  oxi¬ 
dizing  metals.  Iron-depositing  bacteria  usually  cited  as 
causing  MIC  are  Gallionella,  Sphaerotilus,  Crenothrix, 
and  Leptothrix.  These  organisms  oxidize  ferrous  ions 
to  ferric  ions  or  manganous  ions  to  manganic  ions  to 
obtain  energy.  Metal-depositing  organisms  create  en¬ 
vironments  conducive  to  corrosion.  Dense  deposits  of 
cells  and  metal  ions  create  oxygen  concentration  cells 
that  effectively  exclude  oxygen  immediately  under  the 
deposit. 

Under-deposit  corrosion  is  very  important  because  it 


initiates  a  series  of  events  that  are  individually  or  col¬ 
lectively  extremely  corrosive.  In  an  oxygenated  envi¬ 
ronment,  the  area  immediately  under  the  deposit, 
deprived  of  oxygen,  becomes  a  relatively  small  anode 
compared  to  the  large,  surrounding  oxygenated  cath¬ 
ode.  The  metal  will  form  metal  cations  at  anodic  sites. 
If  the  cathodic  and  anodic  sites  are  separated  from  one 
another,  the  pH  at  the  anode  decreases  while  pH  at  the 
cathode  increases.  If  the  metal  hydroxide  is  the  ther¬ 
modynamically  stable  phase  in  the  solution,  metal  ions 
will  be  hydrolyzed  by  water  with  the  formation  of  H+ 
ions.  The  pH  in  the  pit  depends  on  the  metallurgy  of  the 
alloy  (Table  1.1).  Pit  interiors  in  stainless  steels  con¬ 
taining  chromium  can  have  pH  values  close  to  1.0. 

Chloride  (Cl-)  ions  from  the  electrolyte  will  migrate  to 
the  anode  to  neutralize  any  buildup  of  charge,  forming 
extremely  corrosive  metal  chlorides  (Figure  6).  Under 
these  circumstances,  pitting  involves  the  conventional 


TABLE  1.1 

SPECIFIC  HYDROLYSIS  REACTIONS 


HYDROLYSIS  REACTION 

EQUILIBRIUM  pH 

Fe2+  +  2H20=s  Fe(OH)2  +  2H+ 

pH  =  6.64  - 1/2  log  aFe*+ 

Cr3++  3H20  ^  Cr(0H)3  +  3H+ 

pH  =  1.53 -1/3  log  aCr^ 

Ni2+  +  2H20=?  Ni(OH)2  +  2H+ 

pH  =  6.5  -1/2  log  aN}2- 

Mn2+  +  2H20  =£  Mn(0H)2  +  2H+ 

pH  =  1.53 -1/3  log  a Mn2* 
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features  of  differential  aeration,  a  large  cathode  to  small 
anode  surface  area  ratio,  and  development  of  acidity 
and  metallic  chlorides. 

The  following  roles  have  been  proposed  for  microor¬ 
ganisms  in  hydrogen  embrittlement  of  metals: 

1.  Production  of  molecular  hydrogen  during 
fermentation,  which  may  be  dissociated  into 
atomic  hydrogen  and  absorbed  into  metals; 

2.  Production  of  hydrogen  ions  via  organic  or 
mineral  acids,  which  may  be  reduced  to  form 
hydrogen  atoms  at  cathodic  sites; 

3.  Production  of  hydrogen  sulfide,  which  may 
stimulate  the  absorption  of  atomic  hydrogen  into 
metals  by  inhibiting  its  recombination  into 
hydrogen  molecules;  and 

4.  Destabilization  of  metal  oxide  films,  allowing 
easier  absorption  of  hydrogen  by  the  underlying 
metal. 

Microorganisms  produce  exopolymers  and  form  gel 
matrices  on  metal  surfaces  that  are  central  to  the  struc¬ 
tural  integrity  of  microbial  films.  Gels  can  have  numer¬ 
ous  effects  on  interfacial  processes,  including: 

1.  Immobilizing  water  at  the  biofilm/metal 
interface; 

2.  Binding  metal  ions  (e.g.,  copper,  manganese, 
chromium  or  iron)  from  the  electrolyte  or  from 
the  substratum; 

3.  Trapping  corrosion  products  at  the  interface; 

4.  Decreasing  diffusion; 

5.  Preventing  the  effectiveness  of  corrosion 
inhibitors  and/or  biocides. 

In  general,  exopolymers  are  acidic  and  contain  func¬ 
tional  groups  that  bind  metals.  Accumulation  of  metal 
ions  from  the  aqueous  phase  or  from  the  substratum 
can  result  in  metal  concentration  cells  and  increased 
corrosion. 

Inactivation  of  Corrosion  Inhibitor 

Aliphatic  amines,  nitrites,  and  chromates  that  are  used 


as  corrosion  inhibitors  can  be  degraded  by  microorgan¬ 
isms,  decreasing  the  effectiveness  of  the  compounds 
and  increasing  the  microbial  populations.  Organic  cor¬ 
rosion  inhibitors,  including  aliphatic  amines  and 
thiorerea,  can  be  used  in  bacterial  metabolism. 

Problems  have  been  reported  in  cooling  water  sys¬ 
tems  in  which  chromate  levels  could  not  be  maintained 
because  of  bacterial  reduction  of  Cr  (VI)  to  Cr  (III). 


Case  Histories 


An  illustrated  reference  manual  that  extensively  de¬ 
scribes  case  histories  of  MIC  in  industrial  and  marine 
environments  has  been  compiled  by  G.  Kobrin  and  is 
available  from  NACE.3  The  color  photos  are  recom¬ 
mended  for  MIC  identification. 

Ferrous  Metals 

A  large  number  of  MIC-influenced  failures  have  been 
reported  for  mild  steel  piping  and  equipment  in  chemi¬ 
cal/pharmaceutical  plants,  oil  refining  industry  ground 
distribution,  fossil  fuel  power  plants,  steel-rolling  mills, 
and  the  power  industry  (Figures  7-10).  Acid-producing 
bacteria  were  the  primary  cause  of  MIC  of  carbon  steels. 


FIGURE  7  -  Steel  groundwater  supply  pipeline 
showing  internal  pitting  due  to  MIC.4  (Reprinted 
with  permission  of  The  Institute  of  Materials.) 


Microbiologically  Influenced  Corrosion 


Unprotected  mild  steel  undergoes  uniform  corrosion 
in  seawater  at  a  rate  of  0.1  to  0.6  mm  r1  •  In  general, 
however,  steels  are  not  exposed  to  seawater  in  practi¬ 
cal  applications  without  cathodic  protection,  protective 
coatings,  or  a  combination  of  both.  Holidays  or  breaks 
in  protective  coatings  can  be  sites  for  growth  of  micro¬ 
organisms,  and  breakdown  products  of  polymer  coat¬ 
ings  may  provide  nutrients  for  acid-producing  bacteria 
(Figures  9,  10). 


FIGURE  8  -  Mild  steel  rising  main  showing  general 
encrustation,  blistering,  and  localized  corrosion 
and  perforation  due  to  MIC."  (Reprinted  with 
permission  of  The  Institute  of  Materials.) 

H  11 


FIGURE  10  -  Flanged  end  of  coal  tar  epoxy-coated 
mild  steel  rising  main.  MIC  concentrated  around 
weld  zone  of  flange  section.4  (Reprinted  with 
permission  of  The  Institute  of  Materials.) 

iron-  and  manganese-depositing  bacteria  have  been 
identified  with  localized  corrosion  of  stainless  steel  al¬ 
loys  304  and  31 6.  Pitting  is  almost  always  concentrated 
at  weld  seams,  heat-affected  zones  (Figures  11-13), 
and  gasketed  joints  (Figures  14,  15).  Addi¬ 
tional  examples  are  provided  in  Figures  16-20. 


FIGURE  9  (right)  - 
Coal  tar  epoxy 
coated  mild  steel 
pump  column 
with  perforation 
due  to  MIC  prob¬ 
ably  at  point  of 
coating  damage.4 
(Reprinted  with 
permission  of  The 
Institute  of  Mat- 
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FIGURE  14  -  304  stainless  steel  flange  showing  a 
deposif  associated  with  MIC.  The  flange  had  been 
covered  with  an  asbestos  gasket  and  a  stainless  steel 
blind  flange.3 


FIGURE  16  -  Section  of  304  stainless  steel  air 
distribution  piping  showing  bacterial  deposits, 
especially  on  underside.3 


FIGURE  17-  (right)  Underside  of  pipe  shown 
in  Figure  16  after  blast  cleaning.3 


FIGURE  15  -  Closeup  of  flange  in  Figure 
14  after  cleaning  shows  open  ’’gouging” 
corrosion  directly  under  deposits.3 
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FIGURE  18  (right)  - 
Portion  of  waste 
treatment  tank  af¬ 
ter  removal  of 
sludge.  Sidewall- 
to-bottom  junction 
appeared  sound  at 
this  stage.3 


FIGURE  19  (right)  -  Closeup  of  sidewall-to-bottom  junctio 
in  Figure  18  after  removal  of  soft  material,  showin 
penetration.3 


FIGURE  20  - 

Corrosion  of  a  304 
stainless  steel 
perforated  screen, 
attributed  to  SRB. 3 
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A  change  of  material  does  not  always  cure  a  MIC 
problem.  For  example,  an  upgrade  from  carbon  steel 
to  stainless  steel  has  led  to  different  and  sometimes 
more  severe  MIC  problems.  The  importance  of  the  mi¬ 
crostructure  of  welds,  the  ferrite  content,  and  sensiti¬ 
zation  in  the  failure  of  austenitic  steel  welds  has  been 
evaluated.  Lack  of  sensitization  does  not  ensure  pro¬ 
tection  from  MIC.  Many  of  these  failures  in  stainless 
steels  have  been  attributed  to  hydrotest  procedures  that 
introduce  naturally  occurring  water  into  piping  systems 
to  test  the  integrity  of  the  welds.  After  hydrotesting, 
systems  may  not  be  effectively  drained,  leaving  stag¬ 
nant  or  low-velocity  conditions  for  weeks  or  months  at 
temperatures  favorable  to  the  establishment  and  growth 
of  microbiological  colonies,  which  can  produce  local¬ 
ized  environments,  causing  rapid  attack  on  welds.  In 
one  case,  alloy  304  (UNS  S30400)  pipeline  designed 
for  a  30-year  lifetime  failed  when  it  was  put  into  fresh¬ 
water  service  about  15  months  after  hydrotesting. 

The  corrosion  resistance  of  stainless  steels  is  due  to 
the  formation  of  a  thin  passive  film.  Passivity  can  break 
down  under  the  following,  usually  localized,  conditions: 

•  Dilute  and  concentrated  HCI,  HBr,  and  HF,  and 
salts  that  hydrolyze  these  acids; 

•  Oxidizing  chlorides,  such  as  FeCL  CuCL  or 
NaOCI; 

•  Non-oxidizing  halogenated  waters,  such  as 
brines  and  seawater,  except  for  brief  exposures; 

•  Organic  acids,  including  oxalic,  lactic,  and 
formic  acids. 

As  described  in  the  section  on  mechanisms,  forma¬ 
tion  of  oxidizing  chlorides  is  accelerated  by  tubercles 
formed  by  metal-depositing  bacteria. 

A  persistent  problem  with  the  use  of  stainless  steels 
is  susceptibility  to  crevice  corrosion.  The  crevice  area, 
usually  small  compared  to  the  large  cathodic  surround¬ 
ing  area,  will  become  the  anode  and  the  crevice  elec¬ 
trolyte  will  become  acidic.  Diffusion  of  chloride  ions  into 
the  crevice  will  lead  to  a  corrosive  solution  of  heavy 
metal  chlorides  of  low  pH.  A  literature  survey  of  MIC 
of  stainless  steels  shows  that  in  many  cases  the  corro¬ 
sive  action  of  the  microorganisms  is  due  to  crevice  for¬ 
mation. 

A  common  method  of  corrosion  protection  for  steel 


exposed  to  atmospheric  conditions  or  natural  waters  is 
the  application  of  a  solid  zinc  layer,  a  process  known 
as  galvanizing.  Zinc  acts  as  a  sacrificial  anode  and  pro¬ 
tects  the  steel  exposed  in  pinholes  and  scratches  in 
the  zinc  layer.  MIC  has  been  identified  in  cooling  tow¬ 
ers  associated  with  commercial  air  conditioning  sys¬ 
tems  (Figure  21).  Biological  analyses  of  the  material 
from  within  the  pits  showed  the  presence  of  both  aero¬ 
bic  sulfur-oxidizing  bacteria  (SOB)  as  well  as  SRB.  The 
SOB  created  acidic  conditions,  dissolving  the  zinc  coat¬ 
ing  locally  without  leaving  the  often  observed  mounds 
of  corrosion  products. 

Delamination  of  the  zinc  coating  under  deposits  of 
iron-depositing  bacteria  has  been  documented  (Fiqure 
22  a,  b). 


FIGURE  21  -  Galvanized  steel  supports  showing 
bacteria  and  corrosion  product.  Severe  corrosion 
was  found  under  deposits.3 
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Copper  and  Copper  Alloys 

Copper  alloys  frequently  are  used  for  seawater  pip¬ 
ing  systems  and  heat  exchangers  because  of  good  cor¬ 
rosion  resistance  combined  with  mechanical  workability, 
excellent  electrical  and  thermal  conductivity,  ease  of 
soldering  and  brazing,  and  a  resistance  to  macrofouling. 
In  oxygenated  seawater,  a  film  of  cuprous  oxide,  Cu20, 
forms  on  the  metal.  Copper  ions  and  electrons  pass 
through  the  film.  Copper  ions  dissolve  and  precipitate 
as  Cu2(OH)3CI  independent  of  alloy  chemistry. 

Figure  23  presents  a  set  of  reactions  consistent  with 
observed  corrosion  behavior  for  copper  alloys.  Alloying 
nickel  and  iron  into  copper  alters  the  corrosion  product 
and  improves  corrosion  resistance. 

Copper  alloys  prevent  or  retard  the  settlement  of 
macrofouling  species,  such  as  barnacles  and  mussels. 
However,  bacteria,  microalgae,  protozoa,  and  their  cel¬ 
lular  exudates  form  a  slime  layer  on  copper-containing 
surfaces.  Copper  fouls  at  a  slower  rate  than  stainless 
steel  and  glass  surfaces,  and  the  microflora  on  copper 
surfaces  is  less  diverse  than  that  found  on  steel  and 
glass  exposed  under  identical  conditions. 


FIGURE  22(b)  -  Through-wall  pitting  from  Figure 
22(a). 


Copper  alloys  are  vulnerable  to  MIC.  MIC  has  been 


FGURE  23  -Typical  cathodic  and  anodic  reactions 
oin  copper  alloys  in  oxygenated  seawater  and 
freshwater. 
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FIGURE  24  -  Black  sulfide  film  on  99Cu  foil  after  four  months 
exposure  to  SRB. 


FIGURE  25  -  Schematics  of  (a)  thick  sulfide  rich  scale  on  copper 
alloy  and  (b)  disruption  of  sulfide  film.5 


(Reprmtetitrom  B.C.  Syrett,  "The  Mechanism  of  Accelerated  Corrosion  of  Copper 
.cke.A..°ys  in  Sulfide-Polluted  Seawater,"  Corrosion  Science, V ol.  21  (3)  1981 
with  kind  permission  from  Elsevier  Science  Ltd,  The  Boulevard,  Langford  Lane 
Kidlmgton  0X5  1GB,  UK) 


reported  for  99Cu,  90Cu:1  ONi,  70Cu:30Ni, 
admiralty  and  aluminum  brass,  and  alumi¬ 
num  bronze.  Differential  aeration,  selective 
leaching,  under-deposit  corrosion,  and  ca¬ 
thodic  depolarization  have  been  reported 
as  mechanisms  for  MIC  of  copper  alloys. 

These  chemicals  produced  by  microor¬ 
ganisms  accelerate  localized  attack:  C02; 
H2S;  NH3;  organic  and  inorganic  acids; 
metabolites  that  act  as  depolarizers;  and 
sulfur  compounds,  such  as  mercaptans, 
sulfides,  and  disulfides.  Extracellular  poly¬ 
mers  secreted  by  bacteria  also  can  play  a 
role  in  the  corrosion  of  coper  alloys  by  bind¬ 
ing  copper  ions  from  the  sustratum,  pro¬ 
ducing  copper  concentration  cells. 

The  impact  of  sulfides  on  the  corrosion 
of  copper  alloys  has  received  considerable 
attention.  Pitting  and  stress  corrosion 
cracking  of  copper  alloys  has  been  reported 
in  polluted  seawater  containing  sulfides. 
90Cu:10Ni  suffered  accelerated  corrosion 
attack  in  seawater  containing  0.01  ppm 
waterborne  sulfide  after  one-day  exposure. 
A  porous  layer  of  cuprous  sulfide  forms  in 
the  presence  of  sulfide  ions.  Copper  ions 
migrate  through  the  layer,  react  with  more 
sulfide,  and  produce  a  thick,  black  scale 
(Figure  24).  In  the  presence  of  turbulence, 
the  loosely  adherent  sulfide  film  is  re¬ 
moved,  exposing  a  fresh  copper  surface 
to  react  with  the  sulfide  ions.  For  these  rea¬ 
sons,  erosion  or  turbulence-induced  cor¬ 
rosion  and  sulfide  attack  of  copper  alloys 
cannot  easily  be  decoupled.  In  the  pres¬ 
ence  of  oxygen,  the  possible  corrosion  re¬ 
actions  in  a  copper  sulfide  system  are 
extremely  complex  because  of  the  large 
number  of  stable  copper  sulfides,  differ¬ 
ing  electrical  conductivities,  and  catalytic 
effects.  Transformations  between  sulfides, 
or  of  sulfides  to  oxides,  result  in  changes 
in  volume  that  weaken  the  attachment 
scale  and  oxide  subscale,  leading  to 
spalling.  Bared  areas  repassivate,  forming 
cuprous  oxide  (Figure  25).  Sulfide  attack 
and  dealloying  of  nickel  from  a  90Cu::1  ONi 
seawater  fire  protection  system  are  pre¬ 
sented  in  Figure  26(a-d). 
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FIGURE  26  -  Pitting  in  copper-nickel  seawater  piping 
system  after  one  year  in  service:  (a)  pitted  area,  (b)  pit, 
and  (c)  cross  section  of  pit  showing  bacteria  on  top 
and  residual  spongy  material. 


FIGURE  26(d)  -  Energy  dispersive  spectroscopy 
(EDS)  spectra:  (a)  clean  copper  alloy  before 
exposure;  (b)  pit  showing  accumulation  of 
aluminum,  silicon,  phosphorus,  sulfur,  calcium, 
and  elevated  amounts  of  iron  and  nickel;  (c) 
spongy  material  beneath  bacteria  showing 
accumulation  of  phosphorus,  enrichment  of  iron, 
and  depletion  of  nickel  in  the  pit  base. 
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Nickel  Alloys 

Nickel  alloys  generally  are  regarded  as  corrosion-re¬ 
sistant.  Alloys,  such  as  type  400  (UNS  N04400)  con¬ 
taining  66.5%  nickel,  31 .5%  copper,  and  1 .25%  iron 
have  been  used  extensively  in  highly  aerated,  fast- 
moving  seawater  environments,  such  as  evaporators, 
heat  exchanger  pumps  and  valves,  diffusers  for  steam 
nozzles  in  steam  ejectors,  and  turbine  blades.  In  flow¬ 
ing  seawater,  the  reported  corrosion  rate  is  typically 
0.01 2  mm  y~\  A  passive  film  similar  in  structure  to  that 
observed  on  pure  nickel  is  formed  on  nickel-copper  al¬ 
loys  having  more  than  30%  nickel.  Alloys  containing 
less  than  this  amount  of  nickel  behave  like  copper.  The 
formation  of  the  protective  film  on  nickel  is  aided  by  the 
presence  of  iron,  aluminum,  and  silicon.  In  high-veloc¬ 
ity,  unpolluted  seawater,  nickel  alloys  are  superior  to 
predominantly  copper  alloys  because  the  protective 
surface  film  remains  intact  under  highly  turbulent  and 
erosive  conditions. 

Type  400  has  a  marked  tendency  for  initiating  pitting 
in  chloride-containing  environments  where  the  passive 
film  can  be  disturbed.  Under  stagnant  conditions 
chlorides  can  penetrate  the  passive  film  and  cause  pit¬ 
ting  attack.  Sulfides  can  cause  either  a  modification  of 
the  oxide  layer,  as  described  for  copper,  or  breakdown 
of  the  oxide  film  of  nickel-based  alloys.  Pit  initiation  and 
propagation  depend  on  depth  of  exposure,  tempera¬ 
ture,  and  presence  of  surface  deposits. 

Like  copper-containing  alloys,  type  400  is  susceptible 
to  under-deposit  corrosion  and  oxygen  concentration 
cells  (Figure  27).  Pits  develop  under  deposits  of  SRB, 
and  nickel  is  selectively  dealloyed  (Figure  28).  No  evi¬ 
dence  of  MIC  in  nickel-chromium  or  nickel-molybde¬ 
num  alloys  has  been  reported. 


FIGURE  27-  Localized  corrosion  of  a  type  400  heat 
exchanger  tube.3 


FIGURE  28  -  EDS  spectra  of  type  400  nickel  alloy: 
a)  unexposed;  (b)  after  exposure  to  estuarine  water 
for  six  months  showing  accumulations  of  silicon, 
sulfur,  chlorine  and  iron;  and  (c)  residual  metal  in 
the  base  of  pit  showing  relative  nickel  depletion 
and  copper  enrichment. 


Aluminum  and  Aluminum  Alloys 

The  corrosion  resistance  of  aluminum  and  its  alloys 
is  due  to  an  air-formed  aluminum  oxide  passive  film  of 
0.002  pm  to  0.01  pm  (20  to  100  A)  thickness.  Anodiz¬ 
ing  produces  thicker  insulating  films  that  possess  bet¬ 
ter  corrosion  resistance.  The  natural  film  on  aluminum 
can  be  attacked  locally  by  halide  ions,  such  as 
chloride.  Susceptibility  of  aluminum  and  its  alloys  to 
localized  corrosion  makes  it  particularly  vulnerable  to 
MIC. 

Most  case  histories  of  MIC  of  aluminum  alloys  are 
for  aluminum  alloy  fuel  tanks  used  in  aircraft  or  under¬ 
ground  storage  tanks.  MIC  occurs  in  the  water  phase 
of  fuel-water  mixtures  and  is  most  common  on  the  bot¬ 
tom  of  tanks  and  at  the  fuel-water  interface.  The  fila¬ 
mentous  fungps,  Cladosporium  resinae,  is  commonly 
known  as  “kerosene  fungus”  because  of  its  prevalence 
in  water-contaminated  fuels. 

Contaminants  in  fuel,  such  as  surfactants,  water, 
water-soluble  salts  and  solids,  are  considered  to  contrib¬ 


ute  to  observed  corrosion  damage.  Fuel  and  its  addi¬ 
tives  may  be  used  as  a  source  of  nutrients  by  the  bac¬ 
teria.  Microorganisms  in  fuel  cause  filter  plugging  and 
fuel  degradation.  Protective  paint  coatings  used  in  fuel 
tanks  can  be  degraded  by  microorganisms,  forming  fis¬ 
sures  that  can  cause  perforation  or  that  can  propagate 
to  cause  corrosion  fatigue. 

Titanium  and  Titanium  Alloys 

Titanium  and  its  alloys  are  corrosion  resistant  in  many 
environments,  including  soils  and  seawater,  where  it 
has  shown  marked  resistance  to  pitting  and  crevice  cor¬ 
rosion.  Pitting  has  only  been  observed  at  high  tempera¬ 
tures  and  chloride  concentrations. Titanium  and  its  alloys 
have  shown  extremely  good  reliability  and  absence  of 
corrosion  attack  in  normal  heat  exchanger  tube  appli¬ 
cations.  Considering  these  outstanding  properties  and 
the  mechanisms  of  MIC  described  in  this  review,  it  is 
not  surprising  that  researchers  have  found  no  evidence 
of  MIC  in  titanium. 
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Examination  of  a 
Corroding  Metal _ 

MIC  testing  goals  include:  determining 
whether  oniot  MIC  has  taken  place;  moni¬ 
toring  a  particular  situation  to  determine  on¬ 
set  and  extent  of  MIC;  or  determining  the 
likelihood  MIC  will  take  place  in  particular 
metal/microbe  combinations.Testing  differs 
with  the  goal.  In  the  following  chapters, 
metallurgical,  microbiological/microscopic, 
chemical,  and  electrochemical  tests  will 
be  described  that  can  be  used  in  combina¬ 
tion  for  failure  analysis,  monitoring,  and  pre¬ 
diction.  In  the  final  chapter,  specific  recom¬ 
mendations  will  be  made  for  application  of 
MIC  test  procedures.  When  working  with 
chemicals,  the  user  must  first  consult  the 
material  safety  data  (MSD)  sheet  and 
handle  the  materials  accordingly.  Safety  re¬ 
quirements  are  available  in  standard  refer¬ 
ence  sources  and  will  not  be  specified  in 
this  text. 

1 .  Take  color  photos  of  corroded  areas 
and  identify  their  relationship  to  the  overall 
system. 

2.  Note  surface  deposits  in  corroded 
areas.  Describe  form,  color,  texture,  and 
odor. 

3.  Describe  corrosion:  pit  shapes  and 
sizes,  crevices,  etc. 

4.  Describe  electrolyte:  saline  or  fresh¬ 
water,  suspended  solids,  flow  rate,  direc¬ 
tion  of  low,  color,  texture. 

5.  Note  environmental  factors  in  cor¬ 
roded  areas  and  upstream:  e.g.,  atmo¬ 
spheric,  ground  or  water  pollution,  indus¬ 
trial  operating  cycles. 


Steam  jacket  and  chamber  gauges 


FIGURE  29  -  Schematic  of  laboratory  autoclave.6 

6.  Compare  overall  description  with  photographs  and  descrip¬ 
tions  of  known  cases  of  MIC  included  throughout  this  text  and  A 
Practical  Manual  on  Microbiologically  Influenced  Corrosion.3 


Sampling _ _____ 

Collect  corrosion  products  and  electrolyte  close  to  corrosion  sites 
using  clean,  sterile,  sealable,  carefully  labeled  containers.  Label 
sample  containers  with  sample  origin,  date,  sampling  time,  and  tests 
to  be  performed  on  the  sample.  Sterile  containers  should  not  contain 
chemicals  that  will  inhibit  microbial  survival.  Most  sampling  contain¬ 
ers  are  glass  or  plastic.  In  general,  glass  containers  have  screw-down 
caps  and  are  sterilized  using  a  combination  of  pressure  and  tem¬ 
perature  over  time  (15  psi  steam  ~121°C  [250°F]  for  a  minimum  of 
20  minutes).  Commercially  available  devices,  called  autoclaves,  can 
be  manually  or  automatically  controlled  to  produce  temperatures  and 
pressures  required  for  sterilization  of  liquids  and  solids  (Figure  29). 
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Pressure  cookers  also  can  be  used  with  extreme  care. 
Glass  containers  can  be  reused  many  times  if  they  are 
cleaned  and  sterilized  before  each  use.  Plastic  contain¬ 
ers  usually  are  disposable;  however,  some  can  be  re¬ 
cleaned  and  autoclaved.  In  most  cases,  plastic  sam¬ 
pling  containers  have  rigid  walls,  but  polyethylene  flex¬ 
ible-walled  containers  with  closure  ties  can  be  used. 
Sterile  plastic  bags  provide  lightweight  sample  contain¬ 
ers.  Fill  to  no  more  than  60%  maximum  volume.  The 
bag  should  be  sealed  tightly  and  the  whole  bagged 
sample  sealed  again  within  a  second  plastic  bag  to  re¬ 
duce  the  risk  of  leakage.  Plastic  bags  designed  for  do¬ 
mestic  use  are  not  sterile  and  should  be  used  only  as  a 
last  resort  for  storage  of  samples  that  will  not  be  used 
for  microbiological  information.  It  is  essential  that  extra¬ 
neous  dust,  dirt,  and  debris  not  be  introduced  into  the 
sample  at  the  time  of  collection.  Do  not  directly  handle 
the  interior  surfaces  of  sample  containers  or  any  other 
part  likely  to  Se  in  direct  contact  with  the  sample. 

Sampling  should  include  both  sections  of  the  corroded 
material  and  the  electrolyte  to  which  it  was  exposed. To 
collect  corrosion  products,  scrape  area  with  a  sterile 
scalpel  or  swab  the  area  with  a  sterile  cotton  swab.  Indi¬ 
vidually  wrapped  sterile  implements  can  be  purchased 
from  most  pharmacies  and  all  scientific  supply  stores. 

Deposits  from  the  corroded  areas  are  the  first  choice 
for  testing  purposes  because  causative  organisms  are 
expected  to  be  found  in  relatively  high  numbers  at  the 
corrosion  site.  If  possible,  remove  a  section  of  the  cor¬ 
roded  area  with  a  hand  saw,  cutting  as  far  away  from 
the  corroded  area  as  practical.  Solid  samples  should  be 
collected  with  the  electrolyte  to  which  they  were  exposed 
to  avoid  desiccation.  Scrapings  and  liquids  will  be  used 
for  the  enumeration  of  microorganisms. 

The  relationship  of  microorganisms  to  corrosion  prod¬ 
ucts  can  be  examined  with  scanning  electron  micros¬ 
copy  (SEM).  Sections  for  SEM  examination  should  not 
be  disturbed  by  probing  or  swabbing.  Instead,  carefully 
remove  those  sections  and  place  in  either  cacodylate- 
buffered  2-4%  glutaraldehyde  or  2-4%  glutaraldehyde 
in  filtered  (0.2  pm  pore  size)  seawater,  depending  on 
whether  the  specimen  has  been  exposed  to  freshwater 
or  marine  waters,  respectively,  and  chill.  Sodium  cacody- 
late  is  an  organic  arsenical  salt  with  buffering  proper¬ 
ties.  A  0.1  M  solution  (21 .4  g  L_1)  is  adjusted  to  pH  7.2- 
7.4  by  the  addition  of  drops  of  concentrated  hydrochlo¬ 
ric  acid  (HCI).The  pH  range  is  optimum  for  the  fixative 
and  can  be  used  for  samples  originating  from  any  pH. 
Glutaraldehyde  is  a  fixative  for  histochemical  purposes 


and  can  be  used  to  fix  microorganisms  on  surfaces  for 
later  investigation  with  SEM.  Sodium  cacodylate  and  glu¬ 
taraldehyde  are  available  from  chemical  supply  compa¬ 
nies  and  should  be  handled  carefully  according  to  di¬ 
rections  specified  on  the  MSD  sheet. 

The  second  choice  for  test  samples  is  water  or  pro¬ 
cess  fluid.  Such  samples  have  one  major  drawback: 
Numbers  and  types  of  organisms  present  in  the  fluid 
(planktonic)  may  have  little  correlation  to  those  on  sur¬ 
faces  (sessile).  If  stressful  changes  are  occurring  in  the 
system  (temperature  deviations  from  the  optimum  range 
for  growth,  diminishing  nutrients,  etc.),  growth  on  sur¬ 
faces  is  favored,  and  the  relative  number  of  planktonic 
organisms  will  decrease. 

Liquid  samples  can  be  collected  without  introducing 
microorganisms  using  a  sterile  needle  and  syringe.  One 
limitation  to  this  technique  is  that  the  sample  is  pulled 
into  a  vacuum  and  a  temporary  shortage  of  oxygen  may 
be  stressful  for  strictly  aerobic  organisms. 

1 .  Clean  surface  of  the  container  into  which  the  sample 
is  to  be  injected  with  a  clean  paper  towel  moistened 
with  rubbing  alcohol  or  30%  hydrogen  peroxide  solu¬ 
tion.  Allow  to  dry. 

2.  Remove  cap  from  the  disposable  needle  and  screw 
the  needle  onto  the  syringe.  Carefully  insert  needle  into 
sample  liquid  and  withdraw  the  syringe  plunger  slowly. 
Liquid  will  be  drawn  into  the  sterile  syringe. 

To  collect  a  sample  from  a  stream  of  flowing  liquid, 
the  container  cap  should  be  carefully  unscrewed  and 
placed  (inside  down)  on  a  clean  surface.  The  clean  sur¬ 
face  is  important  since  dust  and  dirt  on  the  surface  may 
contaminate  the  inside  of  the  cap. 

If  there  are  doubts  about  area  cleanliness,  surfaces 
should  be  swabbed  with  a  10%  dilution  of  domestic 
bleach  (which,  undiluted,  contains  5-6%  sodium  hy¬ 
pochlorite).  Allow  the  surface  to  dry  before  beginning 
the  sampling  procedure.  At  time  of  uncapping,  the  sam¬ 
pling  bottle  will  have  a  sterile  interior  that  will  be  ex¬ 
posed  to  air.  Do  not  touch  inside  surfaces;  handle  con¬ 
tainer  by  gripping  the  lower  part  of  the  bottle  and  avoid 
any  skin  contact  with  the  upper  part  of  the  container. 
When  taking  a  water  sample,  gradually  place  open  con¬ 
tainer  vertically  into  the  water  flow  and  allow  the  water 
stream  to  fill  the  bottle.  Once  the  bottle  is  two-thirds  to 
three-quarters  filled,  move  the  bottle  horizontally  out  of 
the  water  and  quickly  cap  and  seal. 
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Biocides  are  more  effective  in  killing  planktonic  organ¬ 
isms  than  sessile  organisms;  therefore,  samples  of  sys¬ 
tems  treated  with  biocides  may  indicate  low  numbers  in 
water  samples  while  there  are  high  numbers  growing 
on  surfaces.  Water  sample  testing  is  a  compromise, 
but  sometimes  it  is  the  only  option,  and  is  preferable  to 


not  monitoring  a  system  at  all. 

A  third  sampling  strategy  involves  testing  samples  of 
biofilms  formed  on  sampling  devices  designed  to  moni¬ 
tor  biofouling  by  periodic  removal  of  sample  plugs 
(Figure  30).  Chapter  7  discusses  additional  monitors. 
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FIGURE  30  -  Monitoring  strategies.7  (Reprinted  with  permission  of  the  Institute  of  Applied  Microbiology.) 
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Examination  of  biofilms  on  coupons  or  sample  plugs 
is  useful  in  monitoring  general  biofouling  tendencies,  but 
its  worth  is  limited  because  of  the  patchy  nature  of 
biofilms.  Sample  plugs  should  either  be  preserved  for 
SEM  examination  as  described  for  solid  deposits  or 
swabbed  for  microbiological  characterization  as  de¬ 
scribed  in  the  Transport  section. 


Transport _ 

It  is  preferable  to  arrive  at  the  collection  site  with  all 
fixatives  and  media  for  serial  dilutions.  If  that  is  not  pos¬ 
sible,  it  is  necessary  to  transport  liquids  and  solids.  Aero¬ 
bic  and  anaerobic  transport  culture  tubes  complete  with 
media  are  commercially  available.  The  major  concern 
in  transporting  samples  for  microbiological  evaluation 
is  to  ensure  that  microorganisms  remain  alive  and  ac¬ 
tive  without  multiplication.  Sample  collection  may  expose 
microorganisms  to  abrupt  changes  in  pressure,  tempera¬ 
ture,  and  light,  causing  a  redistribution  in  numbers  and 
types  of  microorganisms  in  the  original  sample.  While 
this  is  not  desirable,  it  is  unavoidable. 

Transport  techniques  are  designed  to  minimize 


alteration  of  the  microbial  population.  After  collection, 
samples  should  be  stored  in  the  dark  away  from  tem¬ 
perature  extremes.  When  transit  times  are  less  than  6 
h,  liquid  samples  should  be  maintained  at  the  original 
collection  temperature  by  storing  in  an  insulated  con¬ 
tainer.  If  the  electrolyte  has  been  collected  from  cold 
water  sources  with  a  median  temperature  below  8°C 
(46°F),  ice  packs  should  be  added  to  the  insulated  con¬ 
tainer.  If  the  sample  has  been  collected  from  sources 
above  30°C  (86°F),  intrinsic  heat  should  maintain  the 
microbial  population  without  significant  changes.  If  tran¬ 
sit  time  is  longer  than  6  h,  sample  temperature  should 
be  lowered  to  less  than  10°C  (50°F)  to  restrict  growth. 

A  standard  method  used  to  control  post-sampling 
shifts  in  microflora  is  to  provide  a  cold  temperature  shock 
by  packing  ice  bags  around  sample  containers  to  bring 
the  temperature  down  quickly  to  within  the  range  of  1  to 
4°C  (34  to  39°F)  where  microbial  activity  will  be  reduced 
to  a  basic  survival  metabolic  mode.  Prolonged  storage 
for  periods  of  longer  than  24  h  under  any  condition  will 
cause  unacceptable  changes  in  the  microflora.  Samples 
shipped  or  transported  in  glutaraldehyde  can  be  kept 
refrigerated  for  several  days  before  further  preparation 
for  SEM.  The  protocol  for  SEM  preparation  will  be  de¬ 
scribed  elsewhere. 


CHAPTER  3 


Metallurgical  Testing 


Metallurgical  testing  has  been  used  extensively  to  iden¬ 
tify  potential  MIC.8  Examine  the  corrosion  area  care¬ 
fully  and  isolate  specific  areas  of  interest.  Remove  sur¬ 
face  deposits  using  a  sterile  spatula  or  other  sharp  edge 
into  a  sterile  container,  being  careful  not  to  disturb  base 
metal.  After  removing  as  much  deposit  as  possible  with¬ 
out  damaging  the  metal,  continue  cleaning  with  a  dry, 
stiff  nylon  brush,  such  as  a  toothbrush.  If  the  surface  is 
still  not  clean,  a  wire  brush  may  be  used.  To  limit  dam¬ 
age  to  the  metallurgy,  brush  only  in  the  direction  of  the 
length  of  the  pipe.  Describe  the  appearance  of  cleaned 
corroded  areas.  Examine  corroded  areas  using  a  low 
power  (e.g.,  5X  to  60X)  magnifying  lens  or  microscope. 
The  following  metallurgical  features  can  indicate  MIC: 

1.  Cup-shaped,  hemispherical  pits  on  the  flat  metal 
surface  and  craters  up  to  2  to  3  in.  across.  Sometimes 
the  cup-type  pits  occur  on  the  inside  surface  of  the 


craters  (Figures  13  [page  9],  31 , 32). 

2.  Striation  lines  (contour  lines)  that  run  parallel  to  the 
length  of  the  pipe  (Figures  33, 34). 

3.  Tunnels  on  the  upstream  and  downstream  surfaces 
of  the  craters  that  run  parallel  to  the  length  and  rolling 
direction  of  the  pipe  (Figures  35,  36). 

4.  Rounded  pits  under  discrete  mounds  or  tubercles 
on  carbon  steel  (Figures  37,  38). 

5.  Subsurface  cavities  along  weld  seams  in  stainless 
steels  (Figures  39,  40). 

6.  Localized  discrete  mounds  or  deposits. 

These  metallurgical  features  have  been  established 
after  years  of  observations  and  failure  analyses.  This 
list,  however,  is  continuously  updated.8 


FIGURE  31  -  Cup-shaped  pits  on  90/10  copper- 
nickel  tubing. 
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FIGURE  32  -  Cup-type  hemispherical  pits  on  flat 
surfaces  with  craters  in  pits  (carbon  steel).8 

(Reprinted  with  permission  of  the  Gas  Research  Institute.) 
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FIGURE  33  -  Pits  with 
striations  (carbon  steel).8 

(Reprinted  with  permission  of  the  Gas 
Research  Institute.) 


FIGURE  34  - 
Pits  with  stria¬ 
tions  (carbon 
steel).8 

(Reprinted 
with  permis¬ 
sion  of  the 
Gas  Research 
Institute.) 
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FIGURE  35(a)  -  ( right)  Cross  section  of  pit  in  carbon  steel 
showing  tunnels  parallel  to  length  of  pipe  (20X 
magnification).8 

(Reprinted  with  permission  of  the  Gas  Research  Institute.) 
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FirtlRE  36  -  (a)  (left)  Radiograph  showing  pits  on  internal  surfaces  leading  to  tunnel-like  cavities  in  tube  walls  in 
304  stainless  steel,  5/6X  and  (b)  longitudinal  cross  section  through  one  of  the  tunnels  (arrow)  shown  in  (a),  x  erna 
surface  is  along  top  edge  of  the  tube,  3.5X.3 
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FIGURE  37  -  Carbon  steel  plate  from  a  hot 
well  in  a  nuclear  power  plant.  Nodules 
have  a  rust-colored  outer  layer  with  a 
black  interior  under  which  pits  are 
located.9 


FIGURE  38  -  Discrete  pits  and  mounds  on  carbon  steel. 
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Almost  all  cases  of  MIC  are  accompanied  by  biologi¬ 
cally  rich  deposits  in  association  with  the  corroded  ar¬ 
eas.  MIC  often  is  attributed  to  a  single  type  of  microor¬ 
ganism,  but  more  often  the  corrosion  is  due  to  the  ac¬ 
tivities  of  several  different  organisms  that  form  a  com¬ 
munity.  One  of  the  essentials  in  MIC  testing  is  that  one 
establish  a  spatial  relationship  between  microorganisms 
and  localized  corrosion.  As  previously  indicated,  num¬ 
bers  and  types  of  microorganisms  within  biofilms  can¬ 
not  be  predicted  or  determined  by  measuring  planktonic 
or  free-swimming  species. 

Any  method  of  evaluating  the  potential  for  MIC  must 
be  capable  of  quantifying  cells  in  the  presence  of  extra¬ 
cellular  polymers,  sludge,  and  corrosion  products. 
Furthermore,  while  it  is  recommended  that  one  deter¬ 
mine  the  numbers  and  types  of  cells  on  the  surface,  a 
direct  correlation  between  the  numbers  and  types  of  cells 
and  the  likelihood  of  MIC  has  never  been  established. 
Instead,  the  number  and  types  of  microorganisms  as¬ 
sociated  with  corrosion  products  are  used  with  surface 
chemistry,  electrochemical,  or  metallurgical  data  to  de¬ 
termine  corrosion  mechanisms  consistent  with  the  ob¬ 
served  corrosion. 

Even  though  all  types  of  microorganisms  can  poten¬ 
tially  cause  MIC,  two  specific  physiological  groups  of 
bacteria  have  been  shown  to  be  most  closely  related  to 
localized  corrosion  in  aqueous  media:  SRB  and  iron- 
depositing  bacteria. 

The  gram  staining  technique  is  one  common  method 
used  to  classify  bacteria  into  two  groups,  Gram  nega¬ 
tive  and  Gram  positive.  It  is  based  on  the  ability  of  some 
bacteria  to  take  up  and  retain  certain  dyes.  The  Gram 
stain  procedure  involves  the  application  of  a  basic  purple 


dye,  gentian  or  crystal  violet,  which  stains  all  bacteria 
able  to  absorb  this  dye.  Next,  a  dilute  solution  of  iodine 
is  added,  serving  to  decrease  the  solubility  of  the  purple 
dye  within  the  cell  by  combining  with  the  dye  to  form  a 
dye-iodine  complex.  An  organic  solvent,  such  as  etha¬ 
nol,  which  readily  removes  the  purple  dye-iodine  com¬ 
plex  from  some,  but  not  other,  species  of  bacteria  is 
added  next.  A  red  stain  is  then  applied.  Bacteria  decol¬ 
orized  by  the  ethanol  appear  red  and  are  classified  as 
Gram  negative.  Those  that  retain  the  purple  dye  will 
appear  purple  and  are  classified  as  Gram  positive. The 
differing  responses  are  related  to  the  chemical  struc¬ 
ture  of  the  cell  wall  and  distinctive  cell  properties. 

To  grow  or  culture  microorganisms  to  numbers  that 
can  be  counted  and  identified,  a  small  amount  of  liquid 
or  a  suspension  of  a  solid  is  added  to  a  solution  that 
contains  nutrients  in  accordance  with  standard  micro¬ 
biological  procedures  (see  any  microbiology  reference 
book,  e.g.,  The  Procaryotes,  Springer- Verlag,  1981). The 
small  sample  is  called  an  inoculum,  and  the  nutrient 
solution  is  called  the  growth  medium.  Media  can  be  ex¬ 
tremely  complex  with  trace  minerals  and  vitamins,  or 
simple,  containing  only  a  carbon  source  and  water. 

The  distinct  advantage  of  culturing  techniques  is  that 
they  are  extremely  sensitive.  Low  numbers  of  cells  grow 
to  easily  detectable  higher  numbers  in  proper  culture 
media.  However,  growth  media  tend  to  be  strain-spe¬ 
cific.  Incubation  at  a  single  temperature  is  further  selec¬ 
tive.  It  must  be  noted  that  the  goal  of  culture  techniques 
cannot  be  to  determine  the  exact  number  of  microor¬ 
ganisms  in  a  specific  sample. 

No  growth  medium  can  approximate  the  complexity 
of  a  natural  environment.  Instead,  it  is  important  that 
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one  can  establish  the  presence  and  approximate  num¬ 
bers  of  specific  types  of  organisms  and  that  one  use  a 
standard  methodology  so  comparisons  can  be  made. 

Documentation  of  Microorganisms 

As  part  of  the  microbial  community  in  aquatic  sys¬ 
tems,  bacterial  populations  are  actively  involved  in  nu¬ 
trient  cycling.  The  significance  of  these  populations  of¬ 
ten  is  difficult  to  ascertain  because  of  the  presence  of 
many  physiological  types.  However,  measurement  of 
bacterial  densities  by  microscopy  or  total  plate  counts 
usually  is  the  first  step  in  trying  to  establish  any  rela¬ 
tionship  that  might  exist  between  microorganisms  and 
corrosion. 

All  types  of  high-powered  microscopes  can  be  used 
to  detect  microorganisms;  however,  epifluorescence 
microscopy  and  SEM  have  most  often  been  used  in  MIC 
studies.  The  following  method  describes  a  procedure 
for  detection  and  enumeration  of  aquatic  bacteria  using 
acridine-orange  epifluorescence  direct-microscopic 
counting  (Figure  41 ).  Applications  include  cooling  tower 
waters,  process  waters,  and  waters  associated  with  oil 
drilling  wells.  Microorganisms  in  aqueous  media  should 
be  preserved  to  prevent  either  an  increase  or  decrease 
in  the  number  of  cells  due  to  multiplication  or  lysis,  re¬ 
spectively.  Water  samples  may  be  preserved  with  0.2 
mL  1 0%  formaldehyde/1 0  mL  sample. 

Certain  types  of  debris  and  other  microorganisms  may 
fluoresce  in  acridine  orange-stained  smears.  The  test 
method  requires  some  experience  to  distinguish 
bacteria  from  other  fluorescing  bodies  on  the  basis  of 
morphology  when  viewed  at  high  magnifications.  A  mini¬ 
mum  of  10  cells  mL-1  is  required  for  detection  by  this 
test  method.  Aquatic  bacteria  can  be  enumerated  by 
filtering  a  known  quantity  of  water  through  a  0.2  pm  poly¬ 
carbonate  membrane  filter.  Cells  retained  on  the  mem¬ 
brane  filter  are  stained  with  acridine  orange  solution  and 
examined  for  fluorescing  bacteria  cells  using  a  fluores¬ 
cent  microscope.  Acridine  orange  epifluorescence  di¬ 
rect-counting  procedures  cannot  differentiate  between 
viable  and  nonviable  cells. 

The  following  procedure  cannot  be  used  to  convert 
cell  numbers  directly  to  total  carbon  biomass  due  to 
natural  variations  in  bacterial  cell  size.  Equipment  and 
reagents  required  for  epifluorescence  microscopy  in¬ 
clude: 


FIGURE  41  -  Epifluorescent  miscroscopy  of 
corrosion  deposits,  400X.  (Courtesy  R.  Prasad, 
Champion  Technologies,  Inc.) 


•  Fluorescence  microscope,  with  oil-immersion 
objective  lens  (100X); 

•  Eyepieces,  12. 5X,  equipped  with  a  net 
micrometer; 

•  Condenser,  1 ,25X; 

•  High-pressure  mercury  lamp,  200  W  on  a 
ultraviolet  light  source  giving  vertical  illumination 
and  a  filter  unit  with  BG12  and  BG38 
transmission  filters  or  equivalent; 

•  Stage  micrometer; 

•  Membrane  filter  support  (25  mm),  sterile, 
particle-free,  fritted-glass; 

•  Funnel,  1 5  mL  capacity  or  equivalent; 

•  Membrane  filter,  sterile  plain  regular 
polycarbonate,  25  mm  (0.2  pm  pore  size); 

•  Filter  apparatus  containing  vacuum  source,  filter 
flask,  and  a  filter  flask  as  a  water  trap; 

•  Forceps  (flat  tip),  alcohol,  Bunsen  burner,  clean 
glass  slides,  and  cover  slips; 

•  Phosphate  buffer  solution  -  dissolve  34.0  g 
potassium  dihydrogen  phosphate  (KH2P04)  in 
500  mL  water.  Adjust  to  pH  7.2  ±  0.05  with 
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sodium  hydroxide  (NaOH)  solution  (40  g  L~)  and 
dilute  to  1  L  with  water; 

•  Acridine  orange  solution  -  dissolve  10  mg 
acridine  orange  in  100  mL  phosphate  buffer; 
filter  acridine  orange  solution  through  a  0.2  pm 
filter  before  use; 

•  Isopropanol; 

•  Xylene; 

•  Immersion  oil,  very  low  fluorescing  equivalent 
to  CargilleType  A. 

Enumeration  of  cells  is  accomplished  using  the  fol¬ 
lowing  procedures: 

•  Place  a  0.2  pm  membrane  filter  on  filter  base 
and  attach  funnel.  Add  1 0  mL  water  sample.Turn 
on  vacuum. 

•  Rinse  membrane  with,  5  mL  sterile  reagent  water 
(ASTM  Dll 93 Type  1A). 

•  Turn  off  vacuum  and  flood  membrane  with 
acridine  orange  solution.  Allow  to  stand  for  3  to 
4  minutes  then  turn  on  vacuum  and  filter. 

•  Rinse  membrane  with  0.5  mL  isopropanol.  Do 
not  exceed  10  s  contact  time. 

•  Rinse  membrane  with  0.4  mL  xylene. 

•  Remove  membrane  and  air  dry  for  1 5  s. 

•  Place  membrane  on  a  clean  microscope  slide 
on  which  two  drops  fluorescence-free 
immersion  oil  has  been  added. 

•  Place  a  drop  of  immersion  oil  on  top  of 
membrane  and  apply  cover  slip. 

•  Count  cells  using  incident  fluorescent 
illumination  in  violet  light  wavelength  range  (410 
nm).  Count  20  fields  at  random  within  the  stained 
portion  of  the  membrane.  Count  only  that  portion 
of  the  field  within  the  micrometer  area. 

•  Calculate  average  number  of  bacteria  per 
micrometer  area. 

•  Bacterial  densities  are  calculated  for  25  mm 
filters  as  follows: 

Bacterial  density  mL'1  sample  =  (2.37  x  104n/d) 


where: 

n  =  average  number  of  bacteria  per  net  mi¬ 
crometer  field;  that  is  [(total  number  of  bacteria  counted)/ 
(number  of  micrometer  fields  counted)],  and 

d  =  dilution  factor. 

2.37  x  1 04  is  the  membrane  conversion  factor 
based  on  a  magnification  of  1 ,562.5  (eyepiece  1 2.5X)  x 
(objective  100X  [condenser  unit  1.25X] ).  Wet  area  is 
determined  by  measuring  internal  diameter  of  the  fun¬ 
nel. 

One  of  the  most  frequently  used  techniques  for  docu¬ 
menting  the  presence  of  microorganisms  in  association 
with  localized  corrosion  is  SEM.  As  mentioned  in  the 
sample  collection  section,  specimens  for  SEM  evalua¬ 
tion  should  be  preserved  as  soon  as  possible  and  kept 
refrigerated  until  processed.  Small  specimens  of  metal, 
scrapings,  and  filtered  samples  can  be  evaluated  with 
SEM.  Sample  preparation  is  described  in  Figure  42  and 
on  the  next  page. 


EDS  COAT  WITH  THIN 

FILM  OF  METAL  X 

SEM 

FIGURE  42  -  Flow  chart  for  sample  preparations  for 
SEM. 
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•  Remove  pipe  or  tube  section  with  a  clean  cutting 
possible.  Chamber  sizes  for  SEM  vary,  but  final 
sections  should  be  approximately  2.5  cm2.  Final 
subsectioning  can  be  completed  after 
dehydration. 

•  Place  samples  from  freshwater  sources  in  cold 
2-4%  cacodylate  buffered  glutaraldehyde  for  a 
minimum  of  4  h.  Samples  can  remain  in  fixative 
for  several  days.  For  marine  samples, 
glutaraldehyde  can  be  prepared  in  seawater 
filtered  through  a  0.1  pm  filter.  Natural  seawater 
contains  a  carbonate  buffer  so  no  additional 
chemicals  are  needed. 

•  Remove  water  and  glutaraldeyde  through  a 
series  of  washes.  Beakers  containing  wash 
solutions  should  be  placed  in  an  ice  bath.  Most 
samples  fixed  in  glutaraldehyde  are  refrigerated 
during  fixation.  Further  manipulation  should  be 
completed  in  an  ice  bath  to  avoid  artifacts 
introduced  by  temperature  shock. 
Glutaraldehyde  will  polymerize  at  elevated 
temperatures.  Furthermore,  removal  of  fixatives 
and  salts,  as  well  as  solvent  extractions  of  water, 
should  be  gradual  processes,  best 
accomplished  at  reduced  temperatures. 
Typically,  with  large  environmental  samples,  the 
wash  solutions  include  distilled  water  if  the 
sample  was  collected  from  a  freshwater  source 
or  a  graded  series  of  filtered  seawater/distilled 
rinses  to  distilled  water  if  the  sample  was 
collected  from  a  brackish  or  marine  source.  It  is 
essential  to  remove  salts  from  the  sample 
gradually  to  avoid  osmotic  disruption.  Residual 
salts  will  crystallize  and  obscure  cells  within 
biofilms.  Distilled  water  rinses  should  be  followed 
by  a  graded  series  of  water/acetone  washes 
(100:0,  75:25,  50:50,  25:75,  0:100  v/v  water/ 
acetone)  until  the  sample  is  in  full  strength 
acetone.  Removal  of  acetone  is  accomplished 
through  a  series  of  graded  washes  of  acetone/ 
xylene  (100:0,  75:25,  50:50,  25:75,  0:100  v/v 
acetone/xylene)  to  100%  xylene. 

•  Air-dry  specimens  in  a  clean  environment. 

•  Before  the  specimen  can  be  observed  in  a 
traditional  SEM,  it  must  be  coated  with  a 
conducting  film  of  carbon  or  metal  (i.e.,  gold  or 
palladium)  either  by  vacuum  evaporation  or 
sputter-coating. 


There  are  many  techniques  for  fixation,  dehydration, 
and  coating  specimens  for  SEM. The  method  cited  above 
is  adequate  and  requires  the  least  amount  of  equipment. 
Operation  of  any  SEM  requires  an  experienced  opera¬ 
tor;  operating  conditions  will  not  be  defined  here.  Fur¬ 
thermore,  recognizing  bacteria  within  corrosion  prod¬ 
ucts  requires  experience.  Figures  43-46  are  micrographs 
of  bacteria  associated  with  corrosion.  Despite  the  large 
body  of  MIC  data  derived  from  SEM  micrographs, 
sample  preparation  does  introduce  artifacts  and  re¬ 
moves  material  from  the  surface.  The  development  of 
the  environmental  scanning  electron  microscope 
(ESEM)  means  that  wet,  nonconducting  samples  can 
be  imaged. The  ESEM  is  not  a  routine  analytical  instru¬ 
ment  and  will  not  be  discussed  at  any  length  in  this  sec¬ 
tion.  (For  a  brief  description  of  the  ESEM,  see  Chapter 
8).  ' 


FIGURE  43  -  Bacteria  from  mixed  facultative  biofilm 
on  copper  foil. 


FIGURE  44  - 
Bacterial 
cells  within 
b  i  o  f  i  I  m  , 
including 
filamentous 
forms,  on 
brass  foil. 
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FIGURE  45  -  Bacterial  cells  from  mixed  culture  on 
copper. 


FIGURE  46  -  Bacterial  cells  within  biofilm  on  copper. 

It  often  is  necessary  to  report  the  size  of  the  viable 
bacterial  population  in  a  sample.  A  viable  count  assumes 
that  a  visible  colony  will  develop  from  each  organism. 
The  most  common  technique  for  counting  viable  micro¬ 
organisms  is  the  extinction  dilution/spreadplate  enu¬ 
meration  using  solid  agar  in  plastic,  sterile  100  mm  di¬ 
ameter  Petri  dishes.  In  conducting  a  spreadplate  enu¬ 
meration  from  a  liquid  sample,  these  steps  are  required: 
(a)  selection  of  an  appropriate  agar  culture  medium,  (b) 
vortexing  liquid  to  disperse  particles,  (c)  serial  dilution 
of  the  liquid,  (d)  dispensing  diluents  onto  agar  surfaces, 
(e)  incubation  under  the  correct  temperature  and 


sphere  (reductive  or  oxidative),  (f)  counting  visible  colo¬ 
nies,  and  (g)  computing  the  colony-forming  units  (cfu) 
per  volume  or  area. These  steps  are  described  below. 

Enumeration  techniques  were  developed  in  the  medi¬ 
cal  and  food  industries  to  determine  numbers  of  patho¬ 
genic  and  putrefying  microorganisms  that  grow  in  envi¬ 
ronments  generally  very  rich  in  nutrients.  Consequently, 
traditional  agar  culture  media  are  high  in  nutrients.  Com¬ 
monly,  the  major  sources  of  organic  nutrients  are  added 
in  the  concentration  range  of  0.1  to  5.0%.  In  unpolluted 
natural  waters,  it  is  rare  to  find  environmental  condi¬ 
tions  in  which  the  organics  are  in  concentrations  in  ex¬ 
cess  of  0.001  %.  Exposure  of  microorganisms  from  nu¬ 
trient-poor  environments  to  nutrient-rich  culture  media 
can  be  traumatic  or  toxic.  Such  organisms  are 
organo-sensitive  (i.e.,  cannot  tolerate  radically  high  con¬ 
centrations  of  organics).  Culture  media  should  be  se¬ 
lected  to  approximate  the  original  environmental  organic 
conditions. 

Agar  is  a  galactoside  derived  from  marine  algae.  Most 
microorganisms  cannot  degrade  agar.  Agar  is  typically 
used  at  concentrations  between  1.0  and  2.0%  (w/v) 
depending  on  the  formulation  of  the  medium.  Agar  re¬ 
mains  a  solid  at  temperatures  up  to  approximately  90°C 
(194°F),  allowing  incubation  at  high  temperatures.  Agar 
solidifies  from  the  molten  state  at  46°C  (115°F). 

Each  agar  culture  medium  is  developed  to  enumer¬ 
ate  a  particular  spectrum  of  the  microflora,  and  no  single 
medium  is  capable  of  supporting  growth  of  all  microor¬ 
ganisms.  As  previously  discussed,  there  are  broad  spec¬ 
trum  and  selective  forms  of  agar  media  that  serve  very 
different  purposes.  Most  microbial  activity  commonly 
occurs  within  a  pH  range  from  6.5  to  8.75  while  most 
culture  media  are  adjusted  to  a  range  from  pH  7.2  to 
7.4.  For  media  selections  other  than  those  recommended 
for  SRB  and  iron-depositing  bacteria  and  those  listed 
below,  consult  a  Difco  Manual 11  or  Bergey’s  Manual.'2 
In  subsequent  sections,  specific  formulae  will  be  pro¬ 
vided  for  media  preparation.  In  all  cases,  reagent-grade 
chemicals  should  be  mixed  with  distilled  or  demineral¬ 
ized  water. 

Broad  spectrum  culture  media  generate  a  set  of  nu¬ 
tritional  conditions  in  which  a  wide  variety  of  microor¬ 
ganisms  may  be  able  to  flourish  (e.g.,  the  heterotrophic 
bacteria). These  are  commercially  available  broad  spec¬ 
tra  media: 

•  Brain  heart  infusion  agar/4  is  quarter-strength  brain 
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heart  infusion  agar.  Bacterial  colonies  tend  to  grow  rap¬ 
idly  and  to  a  large  size.  It  is  a  useful  medium  to  obtain  a 
generalized  enumeration  of  aerobic  bacteria.  If  placed 
under  anaerobic  conditions  (e.g.,  through  the  use  of  an 
anaerobic  jar  and  gas  pack),  colony  counts  for  anaero¬ 
bic  bacteria  can  be  obtained. 

•  Peptone  glucose  yeast  agar  is  a  major  medium  used 
to  enumerate  heterotrophic  bacteria. 

•  R2A  agar  is  a  complex  medium  that  can  support  a 
range  of  aquatic  heterotrophic  bacteria. 

•  Czapek-Dox  agar  can  be  used  to  culture  most  fungi, 
particularly  Aspergillus  and  Penicillium.  Fungal  colonies 
appear  to  have  a  rough,  almost  cotton-like  appearance 
spreading  over  the  agar  surface. 

•  Potato  Dextrose  agar  allows  enumeration  of  fungi, 
including  both  yeast  and  molds.  Yeast  form  large  (3  to  6 
mm  diameter)  colonies  with  domed  profiles  and  may  be 
pigmented  a  pink  color.  Some  yeast  emit  fruity  odors 
(esters)  that  are  very  distinctive.  A  broad  range  of  fungi 
will  grow  well  on  this  medium. 

Selective  culture  media  use  inhibitory  chemicals  (e.g., 
antibiotics)  and  restrictive  nutritional  regimes  to  encour¬ 
age  and  support  growth  of  a  narrow  spectrum  of  micro¬ 
organisms.  Indicators,  such  as  dyes,  also  may  be 
included  to  differentiate  among  surviving  species. 

An  example  of  a  selective  culture  medium  is  manga¬ 
nese  agar  that  incorporates  both  ferrous  and  manga¬ 
nous  forms  of  iron  and  manganese  along  with  citrate  to 
encourage  growth  of  metal-depositing  bacteria. 

Microorganisms  in  environmental  samples  usually  are 
enmeshed  in  particulates.  Disperse  particles  so  that 
colony-forming  units  are  separated  to  maximize  the  ac¬ 
curacy  of  spreadplate  enumeration.  Water  samples 
should  be  mixed  by  shaking  or  stirring  for  1 0  to  60  s  just 
prior  to  dilution. 

The  objective  of  serial  dilutions  is  to  dilute  samples  in 
a  sterile  solution  (commonly  Ringer’s  solution)  to  en¬ 
sure  sufficient  cfu  to  produce  a  statistically  satisfactory 
number  of  counts.  Ringer’s  solution  is  an  isotonic  solu¬ 
tion  of  three  chlorides  composed  of  8.6  g  sodium  chlo¬ 
ride,  0.30  g  potassium  chloride,  and  0.33  g  calcium 
chloride  in  1 ,000  mL  water.  Dilutions  are  made  in  a  ten¬ 
fold  series  to  and  beyond  extinction.  Extinction  occurs 
when  no  colonies  form  on  the  spreadplate  because  the 


dilution  is  so  great  that  no  viable  entities  are  in  the  vol¬ 
ume  streaked  on  the  final  spreadplate.  Dilutions  are  re¬ 
ferred  to  in  the  tenfold  dilution  sequence  by  the  symbol 
1 0-x-,  where  x  refers  to  the  incremental  dilution.  For  ex¬ 
ample,  10~3  refers  to  the  third  dilution  or  1:1,000  dilu¬ 
tion. These  specific  directions  are  excerpted  from  Collins 
and  Lyne.6 

•  Pipet  9  mL  volumes  of  sterile  diluent  solution  into 
sterile  test  tubes  with  suitable  caps  to  prepare  dilution 
blanks.  Do  not  fill  tubes  and  then  sterilize  unless  screw- 
capped  bottles  are  used.  Autoclaving  tubes  with  alumi¬ 
num  or  polypropylene  caps  may  alter  the  volume. 

•  Mix  sample  by  shaking.  Use  a  straight-sided  pipet 
and  a  pipetting  bulb  to  remove  1  mL.  Deliver  into  the 
first  dilution  blank.  Discard  pipet.  With  a  fresh  pipet,  dip 
half  an  inch  into  the  liquid,  draw  sample  into  the  pipette, 
and  flush  10  times  to  mix,  but  do  not  blow  bubbles.  Raise 
and  drain  pipet.  Remove  1  mL  and  transfer  to  the  next 
dilution  blank.  Discard  pipets.  Continue  for  required  num¬ 
ber  of  dilutions,  and  remember  to  discard  each  pipet 
after  delivering  its  contents,  otherwise  residual  liquid 
on  previously  used  pipets  will  contribute  to  cumulative 
error.  Dilutions  will  be: 


Tube  No. 

i 

2 

3 

4 

5 

Dilution 

1:10 

1:100 

1:1,000 

1:10,000 

1:100,000 

Vol.  of 
original 
sample /mL 

0.1 

0.01 

0.001 

0.0001 

0.00001 

or 

(10-') 

(10-2) 

(10-3) 

(10-") 

(10^) 

Dilutions  are  added  to  agar  surfaces  by  pipet,  drop¬ 
per,  or  syringe.  Three  volumes  are  routinely  used  for 
spreadplates:  1.0,  0.5,  and  0.1  mL.The  latter  two  vol¬ 
umes  require  a  correction  (X2  and  XI 0,  respectively)  to 
the  standard  formula  for  computing  population.  Three 
methods  are  described  for  plating  material.  The 
accuracy  of  each  depends  on  separating  viable  units  of 
bacteria  so  each  will  grow  into  a  separate  colony. 

•  The  pour  plate  method  requires  that  the  dilution  be 
added  to  liquid  agar.  Melt  several  tubes  containing  15 
mL  agar.  Place  in  water  bath  at  45-50°C  (1 1 3  to  1 22°F) 
to  cool.  To  melted  medium  at  45°C,  add  volumes  of 
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the  dilution,  mix  by  rotating  tube  between  palms  of 
hands,  and  pour  into  a  Petri  dish.  Make  replicate  pour 
plates  of  each  dilution  for  incubation  at  suitable  tem¬ 
peratures.  Allow  medium  to  set,  invert  plate,  and  incu¬ 
bate.  This  technique  is  not  widely  used  for  environmen¬ 
tal  samples  because  the  heat  shock  caused  by  adding 
organisms  to  cooling  molten  agar  can  be  traumatic. 

•  The  spreader  method  requires  solid  media  in  Petri 
dishes.  Place  dilution  droplet  in  the  center  of  a  plate 
and  spread  it  over  the  agar  surface  by  pushing  a  glass 
spreader  backward  and  forward  while  rotating  the  plate. 
Replace  Petri  dish  lid  and  leave  for  1  -2  h  to  dry  before 
inverting  and  incubating. 

•  In  the  streaking  method,  a  sterile  inoculating  loop 
is  used  to  deliver  one  loopful  of  the  dilution  sample  on 
the  solid  agar  surface  and  spread  it  back  and  forth  in  a 
pattern  to  achieve  further  dilution  (Figure  47). 

Individually  wrapped,  disposable  sterile  plastic  in¬ 
oculating  loops  can  be  purchased  from  scientific  supply 
stores.  Disposable  loops  can  only  be  used  one  time. 
Platinum  loops  can  be  used  repeatedly  but  must  be  ster¬ 
ilized  prior  to  each  use.  To  sterilize  the  platinum  inocu¬ 
lating  loop,  pass  it  through  a  flame  until  it  glows.  Flame 
the  loop  and  spread  from  area  1  over  area  2  with  paral¬ 
lel  streaks.  Flame  the  loop  again  and  repeat  with  area 
3,  and  so  on.  Invert  plates  and  incubate.  When  streak¬ 
ing  methods  are  used,  two  loops  are  useful;  one  is  cool¬ 
ing  while  the  other  is  being  used. 

To  a  large  extent,  the  type  of  medium  used  to  culture 
microorganisms  determines  the  numbers  and  types  of 
microorganisms  that  will  grow.  Another  major  consider¬ 
ation  is  the  temperature  under  which  the  inoculated 
plates  are  incubated.  Temperature  can  affect  the  range 
and  rate  at  which  microflora  adapt  and  grow.  The  incu¬ 
bation  temperature  should  be  within  the  same  general 
range  as  the  original  habitat. 

Microorganisms  are  sensitive  to  the  reduction/oxida- 
tion  (redox)  potential  of  the  environment  in  which  they 
are  growing.  In  the  typical  aerobic  plate  count,  the  sur¬ 
face  of  the  agar  is  saturated  with  atmospheric  oxygen, 
encouraging  aerobic  growth  and  excluding  growth  of 
strictly  anaerobic  organisms.  The  atmosphere  around 
the  spreadplate  can  be  modified  prior  to  incubation  to 
remove  oxygen  from  the  incubator.  On  occasions,  the 
replacement  gas  may  be  a  combination  of  carbon  diox¬ 
ide,  methane,  nitrogen,  and  hydrogen  in  various  ratios 
to  allow  anaerobic,  oxygen-sensitive  microorganisms  to 
grow. 


FIGURE  47  -  Streaking  plate.6 


An  anaerobic  container  can  be  prepared  using  a 
large-mouth  jar  into  which  plates  are  placed  with  a  burn¬ 
ing  candle.  Secure  the  lid.The  flame  will  consume  avail¬ 
able  oxygen  and  extinguish,  leaving  an  anaerobic  envi¬ 
ronment.  Incubation  times  can  vary  over  a  wide  range, 
but  should  last  a  minimum  of  14  days.  There  is  a  con¬ 
flict  between  the  need  to  get  data  as  quickly  as  pos¬ 
sible  and  allowing  enough  time  for  microflora  to  adapt 
and  grow. 

Enumeration  of  all  visible  colonies  is  required  for  a 
total  plate  count.  To  count  on  a  simple  colony  counter, 
select  plates  with  30  to  300  colonies.  Place  open  dish 
upside  down  over  the  illuminated  screen.  Count  colo¬ 
nies  using  a  75  mm  magnifier  and  a  hand-held  counter. 
Mark  the  dish  above  each  colony  with  a  felt  tip  pen. 
Calculate  the  colony  or  viable  count  mL'1  by  multiplying 
the  average  number  of  colonies  per  countable  plate  by 
the  reciprocal  of  the  dilution.  Report  as  cfu.mLr1. 

For  large  workloads,  semi-  or  fully  automatic  counters 
are  essential.  In  the  former,  the  pen  used  to  mark  the 
glass  above  the  colonies  is  connected  to  an  electronic 
counter  that  displays  numbers  counted  on  a  small 
screen.  In  fully  automatic  models  aTV  camera  or  laser 
beam  scans  the  plate  and  results  are  displayed  or  re¬ 
corded. 
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Specific  Microbiological  Testing 

In  addition  to  determining  the  total  viable  bacterial 
population  as  previously  described,  it  often  is  desirable 
to  determine  specific  types  of  bacteria  within  the  total 
population.  In  the  following  sections,  specific  tests  will 
be  described  for  bacteria  that  have  been  determined  to 
influence  corrosion  processes. 

1.  Sulfate  reducing  bacteria  (SRB) 

SRB  can  have  several  morphologies  and  diverse  nu¬ 
tritional  requirements.  They  have  in  common  the  capac¬ 
ity  to  reduce  sulfate  to  hydrogen  sulfide.  Hydrogen  sul¬ 
fide  can  react  with  metals  to  produce  metal  sulfides  as 
corrosion  products.  Typically,  metal  sulfides  are  black. 
Desulfovibrio,  one  genus  of  SRB,  can  form  as  much  as 
10  g  of  sulfide  L’  during  active  multiplication. 

Standard  practices  for  evaluating  the  contribution  of 
SRB  to  corrosion  processes  depend  on  the  detection 
and  quantification  of  SRB  using  culturing  techniques  that 
enumerate  organisms  or  quantify  intrinsic  characteris¬ 
tics  of  SRB,  including  enzymes  and  antibodies.  In  addi¬ 
tion,  one  should  note  the  presence  of  hydrogen  sulfide 
odor  (i.e.,  rotten  egg  smell)  and  blackening  of  slime  lay- 
ers  (Figure  24,  page  14),  metal,  electrolyte,  or  corro¬ 
sion  products  to  verify  presence  and  activity  of  SRB. 

The  object  of  the  following  test  procedures  is  to  quan¬ 
tify  SRB;  yet  there  is  no  specific  number  that  would  be 
indicative  for  SRB-influenced  MIC.  Seawater  typically 
contains  1 0°  to  1 01  mL-1  SRB  irrespective  of  depth,  with 
102  to  105  mL-1  typical  in  bottom  muds.  Concentrations 
of  SRB  as  high  as  1 09  to  10’°  mL~'  are  typical  in  anaero¬ 
bic  corrosion  products.  As  in  all  cases  of  microbiologi¬ 
cal  testing,  increases  in  numbers  of  cells  are  important. 

A  common  method  for  evaluation  of  the  number  of 
organisms  in  a  sample  is  the  Most  Probable  Number 
(MPN)  procedure.  MPN  estimates  are  based  on  the 
asumption  that  microrganisms  are  randomly  distributed 
in  liquid  media;  that  is,  repeated  samples  of  the  same 
size  from  one  source  are  expected  to  contain  the  same 
number  of  organisms  on  average. 

Assuming  that  any  viable  organisms  present  in  a  spe¬ 
cific  sample  will  grow  in  the  medium  used  and  that  dis¬ 
tribution  within  the  sample  is  random,  statistical  prob¬ 
ability  theory  can  be  employed  to  calculate  the  MPN.  A 
general  equation  has  been  derived  and  standard  tables 


of  MPN  calculated  results  have  been  prepared  based 
on  specific  combinations  of  inoculum  size,  diluent  vol¬ 
ume,  and  number  of  tubes  inoculated,  giving  the  MPN 
of  organisms  per  1 00  mL  sample  for  various  combina¬ 
tions  of  observed  positive  tubes. 

Precision  of  MPN  estimates  increases  as  a  larger 
number  of  tubes  are  used  for  each  dilution.  If  the  ap¬ 
proximate  microbial  population  is  not  known,  a  minimum 
of  five  tubes  of  at  least  a  1 :1 0  dilution  is  recommended. 
It  is  important  to  note  that  tables  in  the  literature  apply 
only  to  specific  numbers  of  tubes  and  indicated  dilu¬ 
tions;  consequently,  it  would  be  advisable  to  consult  a 
reference  before  planning  dilutions.  For  description  of 
techniques  and  the  tables  for  determining  MPN  values, 
see  references  6  and  14. 

Culture  techniques  for  SRB  require  an  anaerobic  en¬ 
vironment  and  an  appropriate  medium.  Anaerobic  jars 
made  of  metal  or  plastic  use  “cold"  catalysts,  (palla¬ 
dium  pellets,  Figure  48)  that  should  be  kept  dry,  dried 
after  use,  and  replaced  frequently. 

For  ordinary  clinical  laboratory  work,  commercial  sa¬ 
chets  are  a  convenient  source  of  hydrogen  and  hydro¬ 
gen-carbon  dioxide  mixtures.  Compressed  hydrogen  gas 
also  can  be  used.The  cylinder  must  be  fitted  with  a  suit¬ 
able  reducing  valve  and  pressure  gauge.  Mixtures  of 
hydrogen  and  carbon  dioxide  or  these  gases  mixed  with 
nitrogen  are  safer.  Commercial  anaerobic  cabinets  are 
available  for  work  with  anaerobes.  Culture  medium  is 
pre-reduced,  inoculated,  and  incubated  in  an  inert,  oxy¬ 
gen-free  atmosphere. 

Several  proprietary  liquid  SRB  media  can  be  pur¬ 
chased  (MICKIT  lll-C™,  Bioindustrial  Technologies, 
Georgetown,  TX;  and  Petrolite  Co.,  St.  Louis,  MO).The 
important  thing  for  the  individual  investigator  is  to  use 
an  SRB  culture  medium  consistently.  The  most  conve¬ 
nient  method  is  to  purchase  prepared,  premeasured, 
presterilized  media.  One  can  make  media  by  buying  the 
necessary  reagents,  preparing  aliquots,  and  sterilizing. 
There  are  innumerable  formulae  for  SRB  media.  Sev¬ 
eral  were  published  by  Postgate.'3 

The  following  describes  preparation  of  one  lactate- 
based  SRB  growth  medium  that  will  sustain  growth  of 
lactate-oxidizing  SRB,  but  not  acetate-oxidizing  SRB.  At¬ 
tempts  to  prepare  all-purpose  SRB  media  have  been 
unsuccessful. There  is  no  correct  SRB  medium.  Instead, 
selection  is  based  on  personal  preference,  availability, 
and  results. 
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Postgate’s  B  medium 


Solution  1 : 

kh,po4 

NH4CI 

CaS04 

MgS04-7H20 
sodium  lactate 
yeast  extract 
NaCI 


0.5  g 
10  g 
1.0  g 
2.0  g 
3.5  mL 
1-0  g 
25.0  g 
(for  marine 
bacteria  only) 


Add  above  ingredients  to  960  mL  distilled 
HaO;  pH  will  be  7.2-7.8 


Solution  2: 

ascorbic  acid  0.1  g 

thioglycolic  acid  0.3  g 

Add  above  ingredients  to  20  mL  distilled 
H20,  adjust  pH  7.4-7.8  with  4.0  N  NaOH. 


Solution  3: 

FeS04-7H20  0.5  g 

Add  to  20  mL  distilled  H20.  Acidify  to  pH 
1 .8-2.0  using  HCI,  adding  dropwise  until  it 
dissolves. 

Autoclave  the  three  solutions  separately. 
After  about  5  minutes  cooling,  combine  the 
three  solutions  (if  going  to  use  immediately). 
Let  cool.  Solutions  may  be  stored  separately 
under  refrigeration  and  heated  and  com¬ 
bined  when  used. 


Dilution  procedures: 

Enumeration  of  microorganisms  is  based  on  a  spe¬ 
cific  reaction  in  a  serial  dilution.  SRB  media  are  typi¬ 
cally  dispensed  in  9.0  mL  aliquots  into  bottles  or  tubes 
plugged  with  rubber  stoppers.  Use  these  procedures: 

a)  Label  a  series  of  bottles  or  tubes  with  numbers 
1 , 2,  3, 4, 5,  6,  etc.  It  is  impossible  to  know  how 
many  dilutions  are  required,  but  the  goal  is  to 
select  a  number  so  that  the  final  dilution  will  not 
have  a  positive  reaction.  In  that  way,  one  can 
be  certain  not  to  underestimate  the  population. 
Add  9.0  mL  sterile  SRB  medium  to  each.  Swab 
rubber  stoppers  with  alcohol. 

b)  Draw  liquid  test  sample  into  a  sterile  container. 

c)  Remove  a  sterile  syringe  from  its  plastic 
container. 

d)  Immerse  needle  tip  in  the  liquid  sample  and  fill 
syringe. 

e)  Point  tip  upward  and  force  out  all  but  1  mL  of 
liquid,  being  sure  that  no  air  is  trapped  in  the 
syringe. 

f)  Invert  first  bottle,  insert  needle  through  the 
rubber  stopper,  and  dispense  liquid. 

g)  Without  removing  the  syringe,  shake  bottle  to 
mix  the  SRB  medium  with  the  liquid  sample. 

h)  Withdraw  1 .0  mL  of  the  mixture  from  the  first 
bottle  into  the  syringe  and  inject  it  into  second 
bottle. 

i)  Shake  and  draw  1 .0  mL  of  the  mixture  from  the 
second  bottle  into  the  syringe  and  inject  it  into 
third  bottle. 

j)  Continue  until  last  bottle  has  received  1  mL  from 
previous  bottle. 

k)  Keep  bottles  at  room  temperature  and  observe 
daily  up  to  28  days. 

l)  Positive  results  are  indicated  by  production  of 
visible  black  iron  sulfide  formed  from  the 
reduction  of  FeSO . 

4 

m)  Interpretation:  The  number  of  bottles  showing 
positive  results  within  the  allotted  time  period 
can  be  used  to  calculate  the  number  of  SRB  in 
the  original  sample  by  means  of  the  following: 
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No.  Positive  Bottles 

Bacteria  mL-1 
Original  Sample 

0 

0 

1 

1-10 

2 

10-100 

3 

100-1,000 

4 

1,000-10,000 

5 

10,000-100,000 

6 

100,000-1,000,000 

Solid  corrosion  products  or  surface  deposits  can  be 
evaluated  for  SRB  using  serial  dilutions  of  the  same 
medium.  With  a  sterile  scalpel  or  tongue  depressor, 
scrape  a  deposit  from  a  specific-size  area  (i.e.,  1  cm2) 
and  suspend  the  material  in  10  mL  sterile  distilled  wa¬ 
ter.  If  the  solid  sample  has  been  exposed  to  seawater  or 
to  a  salt-containing  electrolyte,  solids  should  be  sus¬ 
pended  in  a  sterile  salt-containing  medium  of  the  same 
approximate  salinity.  Salinity  can  be  measured  with  a 
refractometer.  Using  a  sterile  syringe,  withdraw  1 .0  mL 
of  the  suspension  and  inject  it  into  bottle  no.  1  and  con¬ 
tinue  with  the  dilution  series  as  previously  described. 

The  following  test  medium  is  recommended  by 
ASTM(1)  Standard  D441 2  for  detection  and  enumera¬ 
tion  of  SRB  in  water  or  water-formed  deposits  by  the 
MPN  technique.  Two  media  preparations  are  described. 
Starkey’s  Medium  A  is  prepared  with  reagent-grade 
water  (ASTM  D1 1 93Type  II),  and  Medium  B  is  prepared 
using  the  water  to  be  sampled.  For  isolation  and  enu¬ 
meration  of  thermophilic  SRB  encountered  in  waters  as¬ 
sociated  with  oil  and  gas  production,  all  broths,  dilution 
blanks,  and  incubations  must  be  maintained  at  tempera¬ 
tures  of  at  least  45°C  (1 1 3°F)  and  preferably  within  5°C 
(41  °F)  of  the  sample  environment.  Starkey’s  Medium  B 
is  used  when  the  SRB  have  adapted  to  atypical  non- 
freshwater  environments.  Sensitivity  of  test  methods  can 
be  increased  by  purging  dilution  blanks  and  media  with 
nitrogen  immediately  before  use. 
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Water  deposits  and  dilutions  of  these  samples  are 
dispensed  into  tubes  of  Starkey’s  Medium  (A  or  B)  fol¬ 
lowing  five  tube  MPN  procedures.The  tubes  are  sealec 
with  liquid  paraffin  and  incubated  at  20°C  (68°F)  for  21 
days.  Positive  reactions  are  indicated  by  the  formatior 
of  a  black  precipitate  and  confirmed  using  a  hydroger 
sulfide  test  reagent. 


Starkey’s  Medium  A 


Sodium  lactate  (C3H5Na03) 

3.5  g 

Ammonium  chloride  (NH4CI) 

10  g 

Dipotassium, 

hydrogen  orthophosphate  (K2HP04) 

0.5  g 

Magnesium  sulfate  (MgS04-7H20) 

2.0  g 

Sodium  sulfate  (Na2S04) 

0.5  g 

Calcium  chloride  (CaCI-2H20) 

0.1  g 

Thioglycollic  acid 

0.1  g 

Ammonium  ferrous  sulfate 
or  ferrous  ammonium  sulfate 
((NH4)2S04-FeS04-  6H20) 

0.001  g 

Water  (H20) 

1.0  L 

Starkey’s  Medium  B 

The  medium  is  similar  to  Starkey’s  Medium  A  with  the 
following  modification:  water  collected  from  the  samplr 
collection  site  is  used  to  prepare  the  medium.  The  wa 
ter  sample  is  filtered  to  remove  particulates  (1.2  pn 
membrane  filter)  and  the  pH  is  recorded.  After  prepar 
ing  Medium  B  and  prior  to  dispensing,  check  and  adjus 
pH  if  necessary  to  that  of  the  original  water.  Filter  steri 
ize  medium  by  passage  through  0.2  pm  filter  and  asep 
tically  dispense  into  presterilized  tubes. 

Double-strength  medium  (2X)  (as  referred  to  in  fo! 
lowing  procedure)  is  prepared  as  above  except  500  m 
of  water  are  used  instead  of  1  L.  Heat  to  dissolve  an 
dispense  9  mL  of  medium  per  single  strength  tube  an 
10  mL  per  double  strength  tube. Tubes  should  be  of  suf 
ficient  capacity  to  contain  1  mL  of  inoculum  plus  9  m 
of  single  strength  medium  or  1 0  mL  of  inoculum  plus  1 
mL  of  2X  medium. The  pH  of  the  medium  should  be  7. 
after  autoclave  sterilization  at  1 21  °C  (249°F)  for  1 5  mir 


Other  reagents  needed  for  MPNTest 


1)  Hydrogen  Sulfide  Test  Reagent: 

a)  Ferric  Chloride  Solution  (FeCI I  •  6H  0): 
Dissolve  1 3.5  g  ferric  chloride  in  a  mixture  of  250 
mL  water  and  250  mL  hydrochloric  acid  (sp  gr  1 .19). 
Store  in  an  airtight  amber  container.  Prepare  fresh 
monthly. 

b)  p-Aminodimethylaniline  Dihydrochlor¬ 
ide  Solution:  Dissolve  1  g  p-inodimethylaniline 
dihydro-chloride  (C8H12N2-HCI)  in  500  mL  6  N  HCI. 
Store  for  up  to  one  month  in  an  amber,  airtight  con¬ 
tainer. 

2)  Liquid  Paraffin  —  Heavy,  sterile. 


3)  Buffered  Dilution  Water  -  Stock  Phosphate 
Solution: 

Dissolve  34.0  g  KH2P04in  500  mL  water,  adjust 
pH  to  7.2  with  1  N  NaOH. 

4)  Dissolve  38  g  of  MgCI2  in  1  L  distilled  water. 

5)  Buffered  Dilution  Water,  Working  Solution: 

Add  1 .25  mL  stock  buffered  dilution  water  and  5 
mL  MgCI2  solution  to  500  mL  water.  Bring  to  1  L 
with  water.  Mix  well  and  dispense  as  90  mL  dilution 
blanks  in  screw-capped  bottles.  Sterilize  by  auto¬ 
claving  at  1 21  °C  (249°F)  for  1 5  min 


Procedure: 


a)  Clean  and  disinfect  the  area  with  a  1 0%  dilution 
of  domestic  bleach.  Allow  area  to  dry. 

b)  Set  out  and  label  five  replicate  tubes  of  10  mL  2X 
Starkey’s  Medium,  A  or  B,  in  the  test  tube  rack. 

c)  Set  out  and  label  five  replicate  tubes  of  10  mL 
single-strength  Starkey’s  Medium,  A  or  B,  for  each  mL 
of  sample  or  mL  of  sample  dilution  to  be  tested.  Use 
two  sets  of  five  replicate  10  mL  tubes,  each  to  contain  1 
mL  of  sample  or  1  mL  of  1/10  dilution  of  sample. 

d)  Prior  to  sample  inoculation,  heat  tubes  of  media 
and  dilution  blanks  in  a  water  bath  to  60°C  (1 40°FV  cool 
rapidly  to  20°C  (68»F)  to  ensure  minimal  oxygen  levels. 

e)  Shake  sample  thoroughly.  Make  dilutions  starting 
with  1 0  mL  sample  into  one  90  mL  dilution  blank. 

f)  Pipet  1 0  mL  sample  into  each  double-strength  broth 
and  1  mL  sample  or  diluted  sample  into  each  set  of  five 
single-strength  broths. 

g)  Maintain  anaerobic  conditions  by  layering  with  2  to 
3  mL  sterile  liquid  paraffin  in  each  tube. 

h)  Recap  tubes  and  incubate  at  20°C  (68°F)  21  days. 


cipitate.  Confirm  dubious  results  by  the  addition  of  0.5 
mL  ferric  chloride  reagent  followed  by  0.5  mL  p- 
aminodimethylaniline  reagent  to  the  MPN  tube.  Add  re¬ 
agents  to  the  bottom  of  the  tube  using  syringe  or  long 
Pasteur  pipet.  A  positive  reaction,  indicated  by  a  blue 
color,  occurs  within  10  min  if  H2S  is  present.  Compute 
number  of  positive  findings  resulting  from  multiple-por¬ 
tion  decimal  dilution  planting  as  the  combination  of  posi¬ 
tives  and  record  in  terms  of  MPN/100  mL  sample.  (See 
MPN  tables,  as  in  references  6  and  14.)  Report  results 
as  number  of  SRB/1 00  mL  sample.  Unless  a  large  num¬ 
ber  of  sample  portions  are  examined,  the  precision  of 
the  MPN  is  rather  low. 

The  American  Petroleum  Institute®  Recommended 
Practice  (RP-38)for  the  Enumeration  of  SRB  in  Sub¬ 
surface  Injection  Waters  specifies  sodium  lactate  as  the 
carbon  source  and  an  iron  nail  as  a  source  of  iron 
(Figure  49a).  When  bacteria  are  present  in  the  sample, 
they  reduce  sulfate  in  the  medium  to  sulfide,  which  re¬ 
acts  with  iron  in  solution  to  produce  black  ferrous  sul¬ 
fide  (Figure  49b).  Blackening  of  the  medium  over  a  28- 
day  period  signals  the  presence  of  SRB.  Williams  Broth¬ 
ers  Laboratories  (Tulsa,  OK)  and  others  provide  RP-38 


Positive  reaction  is  indicated  by  a  black  sulfide  pre- 
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FIGURE  49  -  API  medium  for  SRB  28  days  after 
inoculation:  (a)  negative  and  (b)  positive. 


medium  in  10  mL  quantities  in  vials  containing  an  iron 
nail.  One  mL  samples  are  injected  by  syringe  into  me¬ 
dium  bottles  for  tenfold  dilutions.  It  is  assumed  that  only 
a  single  living  bacterium  is  required  to  blacken  a  bottle. 


TABLE  4.2 

TEST  RESPONSE  VS 
KNOWN  NUMBERS:  API  STRAIN15 


Actual  SRB  Numbers  Obtained  with: 
Count  RP-38  Agar  Deeps  Melt  Agar 


0 

NEG 

>105,  NEG 

NEG 

102 

10 

NEG 

NEG 

103 

102 

NEG 

NEG 

104 

103-104 

>104 

17,  >103 

105 

in 

o 

o 

>104,  NEG 

NEG 

106 

105-106 

>105,  NEG 

80,  25 

107 

107 

>105 

3.5  x  102 

108 

107-  108 

>106 

2  x  103 

The  simplest  test  result  interpretation  is  to  consider 
that  if  one  bottle  is  blackened,  the  sample  contained  at 
least  one  organism;  if  two  bottles  are  blackened,  the 
sample  contained  10  organisms;  three  bottles,  100  or¬ 
ganisms,  etc. The  procedure  is  repeated  as  many  times 
as  necessary  to  produce  a  dilution  that  does  not  con¬ 
tain  organisms  as  judged  by  the  blackening  of  the  me¬ 
dium.  BioindustrialTechnologies  (Georgetown,  TX )  pro¬ 
duces  a  commercial  medium  that  is  proprietary,  but 
contains  more  diverse  carbon  sources  than  other  com¬ 
mercially  available  media.  The  inoculation  of  the  me¬ 
dium  and  interpretation  of  results  are  similar  to  API  pro¬ 
cedures. 

A  solid  medium  culture  technique,  “agar  deeps,”  was 
developed  by  Biosan  Laboratories  (Ferndale,  Ml).  The 
SAN  I -CHECK™  medium  is  a  modification  of  API  using 
sodium  sulfite  as  the  reducing  agent/oxygen  scaven¬ 
ger.  An  agar  slant  is  inoculated  by  dipping  a  sterile  pipe 
cleaner  into  an  undiluted  sample  and  inserting  into  a 
vial  of  semi-solid  agar.  Mineral  oil  and  a  C02  generating 
tablet  are  added  to  exclude  oxygen;  the  vial  is  capped, 
incubated  five  days,  and  checked  daily  for  blackening. 

A  variation  of  the  agar  deep  technique  developed  by 
Nalco  Chemical  Co.  (Chicago,  IL)  uses  melted  agar, 
tryptone  as  nutrient,  and  sodium  sulfite  as  an  oxygen 
scavenger. The  test  procedure  involves  placing  tubes  of 
solidified  agar  in  boiling  water  and  cooling  the  tubes  until 
the  semi-solid  agar  reaches  a  temperature  of  40-45°C 
(104-1 13°F)  before  adding  the  sample  to  the  bottom  of 
the  tube  with  a  pipet.Tubes  are  capped  tightly  and  incu¬ 
bated  for  three  days.  Results  are  interpreted  by  multi¬ 
plying  the  number  of  discrete  colonies  by  the  dilution 
factor.  If  a  tube  is  generally  black  with  no  discrete  colo¬ 
nies,  the  cells  are  assumed  to  be  too  numerous  to  count 
and  the  serial  dilutions  were  not  adequate  to  determine 
an  accurate  estimate. 

Tatnall  evaluated  API  medium,  agar  melt,  and  agar 
deep  techniques  for  accuracy,  specificity,  ease  of  use, 
time  required  to  obtain  results,  field  vs  laboratory  use, 
and  obvious  drawbacks  and  limitations,  using  known 
quantities  of  Desulfovibrio  desulfuricans  isolated  from 
oilfield-produced  water  and  unknown  samples  taken 
directly  from  oilfield-produced  water  with  no  attempt  to 
concentrate  SRB.15  Among  the  culturing  techniques, 
RP-38  broth  bottles  gave  accurate  numbers  at  high  cell 
concentrations,  but  underestimated  numbers  at  low  cell 
concentrations  (Table  4.2).  Agar  deeps  generally  un¬ 
derestimated  known  populations.  Melt  agar  tubes  per¬ 
formed  poorly  at  all  concentrations. 
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Unlike  culturing  techniques,  direct  methods  for  detect¬ 
ing  and  quantifying  SRB  do  not  require  SRB  growth. 
Instead,  direct  methods  measure  constitutive  proper¬ 
ties,  including  adenosine-5'-phosphosulfate  (APS)  re¬ 
ductase,  hydrogenase,  cell-bound  antibodies,  and  DNA. 

APS  reductase:  The  APS  reductase  antibody  method 
(E.l.  DuPont  de  Nemours,  Wilmington,  DE)  detects  the 
presence  of  APS  reductase,  an  intracellular  enzyme 
found  in  all  SRB.  Briefly,  cells  are  washed  to  remove 
interfering  chemicals,  including  hydrogen  sulfide,  and 
lysed  to  release  APS  reductase.  The  sample  is  drawn 
into  a  transfer  pipet  containing  a  porous  bead,  washed 
four  times,  and  exposed  to  a  color-developing  reagent. 
In  the  presence  of  APS  reductase,  the  bead  turns  blue 
in  10  min.  The  degree  of  color  is  directly  proportional  to 
the  amount  of  enzyme  and  roughly  proportional  to  the 
number  of  cells  from  which  the  enzyme  was  extracted. 

An  example  procedure  using  an  immunoassay  test 
kit  (Conoco  Specialty  Products,  Houston, TX)  based  on 
the  APS  reductase  technique  is: 

1)  Rehydrate  the  chemical  lysing  reagent. 

2)  Collect  10  mL  liquid  sample  using  a  bottle  provided 
with  the  kit  (directions  also  available  for  solid  samples). 

3)  Filter  and  wash  sample  using  bottle  filter  cap.  In¬ 
vert  and  shake.  Wait  15  s.Then  use  squeeze  bottle  to 
remove  all  liquid,  trapping  SRB  in  filtration  matrix.  At¬ 
tach  filtration  material  (and  bacteria)  in  filter  cap  to  wash 
bottle.  Squeeze  to  remove  wash  liquid. 

4)  Remove  filter  cap  with  filtration  material  and  attach 
to  lysing  reagent  bottle  (step  1 ).  Dislodge  filter  cake  into 
lysing  fluid  and  mix  well  without  foaming.  Allow  two  min 
incubation,  and  discard  filter  cap.  Snap  final  filter  into 
place. 

5)  After  lysing  incubation,  squeeze  liquid  (should  have 
1 0-20  drops)  from  lysing  bottle  into  immunoreagent  vial, 
mix  gently,  and  incubate  for  two  min. 

6)  Pour  contents  of  the  antibody  immunoreagent  vial 
onto  test  membrane  device  and  wait  until  liquid  is  ab¬ 
sorbed  through  the  membrane.  Squeeze  contents  of  the 
wash  solution  tube  onto  the  membrane.  After  all  wash 
solution  is  absorbed,  squeeze  color-developing  reagent 
liquid  onto  membrane  and  start  timing  color  develop¬ 
ment  incubation. 

7)  Interpretation:  Refer  to  temperature  guidelines  for 


proper  time  allowance  for  color  development,  then  match 
color  after  that  time  period  to  provided  color  code  to 
determine  SRB  concentration  in  cells  mL-1. 

Hydrogenase:  When  sulfates  are  present,  SRB  pre¬ 
dominate  in  anaerobic  niches  within  biofilms  because 
some  SRB  produce  hydrogenase  enzyme  and  reduce 
hydrogen  produced  by  acetogenic  bacteria  to  such  a  low 
level  that  other  bacteria  cannot  compete.  Hydrogenase 
breaks  hydrogen  molecules  down  to  protons  and  elec¬ 
trons  and  transfers  the  energy  to  the  organism  through 
a  series  of  organometallic  molecules  in  the  electron  trans¬ 
port  system.  Not  all  SRB  produce  hydrogenase. 

A  procedure  has  been  developed  to  quantify  hydro¬ 
genase  from  SRB  that  requires  cells  to  be  concentrated 
by  filtration  from  water  samples.  Solids,  including  corro¬ 
sion  product  and  sludge,  can  be  used  without  pretreat¬ 
ment.  The  sample  is  exposed  to  an  enzyme-extracting 
solution  for  1 5  min  and  placed  in  an  anaerobic  chamber 
from  which  oxygen  is  removed  by  hydrogen.The  enzyme 
reacts  with  excess  hydrogen  and  simultaneously  reduces 
an  indicator  dye  in  solution.  Hydrogenase  activity  is  es¬ 
tablished  by  development  of  a  blue  color  in  less  than  4  h. 
Intensity  of  blue  color  is  proportional  to  the  rate  of  hy¬ 
drogen  uptake  by  the  enzyme.  The  technique  does  not 
attempt  to  estimate  specific  SRB  numbers. 

A  kit  is  available  from  Caproco  Ltd.  (Edmonton,  Alberta, 
Canada)  to  detect  the  presence  and  activity  of  hydroge¬ 
nase  using  liquid  or  solid  samples.  The  kit  contains  re- 
agents,  filters,  and  color  charts.  Specific  directions  for 
biofilm  probes,  corrosion  products,  and  sludge  samples 
are  provided  with  the  kit.  This  is  an  example  procedure 
for  liquids: 

1)  Test  solution  preparation:  Pour  liquid  from  vial  A 
into  vial  B. 

2)  Sample  preparation:  Unscrew  and  separate  filter 
halves,  insert  clean  reusable  filter,  and  reassemble.  Col¬ 
lect  10  mL  water  sample  in  clean  syringe,  attach  filter  to 
syringe  and  depress  plunger.  Remove  syringe,  fill  with 
air,  reconnect  filter,  and  purge  filter  assembly  by  forcing 
syringe  full  of  air  through  filter.  Discard  water,  open  filter, 
and  remove  filter  paper  with  forceps.  Roll  filter  paper  and 
insert  into  vial  B.  Using  new  3  mL  syringe  and  needle, 
wash  filter  surface  using  the  liquid/powder  mixture  as 
wash  fluid.  Allow  contact  for  about  1 5  min,  then  with¬ 
draw  all  liquid  into  the  3  mL  syringe.  Remove  needle 
from  the  syringe  and  attach  disposable  filter.  Filter  liquid 
into  vial  A. 
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3)  Sample  analysis:  Place  vials  in  holder  in  base  of 
test  chamber.  Insert  gas  generator  envelope  and  anaero¬ 
bic  indicator  strip  into  holder  slot.  Open  marked  corner 
slightly.  Do  not  allow  sachet  containing  palladium  cata¬ 
lyst  to  contact  water.  Carefully  add  10  mL  clean  fresh¬ 
water  or  distilled  water  to  the  envelope  through  opened 
corner.  Place  cover  and  tighten  clamp  on  reaction  cham¬ 
ber.  Place  in  30-35°C  (86  to  95°F)  area  and  note  seal¬ 
ing  time.  Check  at  30  min  intervals  for  first  color  devel¬ 
opment.  After  4  h,  rate  color  development  based  on  color 
chart.  To  detect  weak  reactions  or  confirm  negative  re¬ 
sults,  recheck  after  24  h  and  verify  anaerobic  indicator. 

Scott  and  Davies  evaluated  test  kits  based  on  culture 
techniques  and  detection  of  enzymes  in  SRB  (APS  re¬ 
ductase  and  hydrogenase)  for  verification  and  quantifi¬ 
cation  of  SRB.16  Liquid  culture  techniques  included 


MICKIT  lll-C™  by  Bioindustrial  Technologies,  Inc.,  and 
SRB  broth  by  Petrolite.  Solid  or  semi-solid  agar  tech¬ 
niques  included  SANI-CHECK™  SRB  Test  System  by 
Biosan  Laboratories,  Inc.,  and  BUG  CHECK™  SRB  by 
Angus  Chemical  Co.  (Northbrook,  IL).  RapidChek™  SRB 
Detection  system  by  Conoco  Specialty  Products  is  an 
APS  reductase  assay.  The  Hydrogenase  Test™  by 
Caproco  Ltd.  measures  cellular  hydrogenase. 

Test  kits  were  received  directly  from  manufacturers 
and  sent  to  testing  laboratories.  All  kits  were  tested  with 
environmental  samples  and  compared  with  in-house 
culture  methods.  In-house  culture  techniques  included 
media  most  commonly  used  by  organizations  in  their 
own  SRB  test  programs  and  were  not  specifically  iden¬ 
tified  except  that  they  did  include  RP-38  broth  and 
Postgate  A  and  B  media.  Results  (Table  4.3)  indicate 


TABLE  4.3 

RESULTS  OF  SRB  FIELD  KIT  COMPARISONS16 


Sample 

In-House 

Method 

MICKIT™ 

Petro¬ 

lite 

BUG 

CHECK™ 

SANI- 

CHECK™ 

RapidChek™ 

Hydro¬ 

genase™ 

Detection  Limits 

<10° 

<10° 

<10° 

<101 

clO1 

<103 

NA 

Produced  Water 

Canada 

10s 

>104 

104-105 

BDL 

BDL 

10s 

Weak 

102 

>104 

>105 

BDL 

>103 

105 

Strong 

104 

103-104 

102-103 

BDL 

BDL 

103 

BDL 

101 

ioM  o2 

10°-101 

BDL 

BDL 

BDL 

BDL 

Texas  -Holding  Pit 

102-103 

102-103 

1 02— 1  o3 

V 

o 

V 

o 

_  -P>. 

V 

o 

4* 

BDL 

BDL 

103 

102-103 

io’-io2 

>105,  >102,  BDL 

102-103 

Very  Weak 

-  Pipeline 

102 

ioMo2 

io’-io2 

>102,  >101,  >10' 

104-105 

Weak 

T}- 

o 

T— 

i 

kP-io1 

102-103 

>105,  >105,  >104 

103-1  o4 

Very  Weak 

—  FWKO 

103 

104-105 

icF-io3 

>103 

>103 

BDL 

BDL 

-Gas  Pipe 

102 

102-103 

BDL 

>10’ 

>101 

104-105 

BDL 

103 

103-104 

102-103 

BDL 

BDL 

105-106 

Weak 

Java 

<102 

BDL 

BDL 

BDL 

BDL 

BDL 

Very  Weak 

BDL 

BDL 

BDL 

BDL 

BDL 

104 

Very  Weak 

Power  Utility  Water 

Lake  Erie 

ioMo2 

io'-io2 

BDL 

BDL,  BDL,  BDL 

BDL,  BDL,  BDL 

BDL 

102-103 

102-103 

101-! 02 

BDL,  BDL,  >104 

BDL,  BDL,  >104 

BDL 

Lake  Huron 

icP-io1 

io'-io2 

BDL 

BDL,  BDL,  BDL 

BDL,  BDL,  BDL 

BDL 

io’-io2 

io’-io2 

BDL 

BDL,  BDL,  BDL 

BDL,  BDL,  BDL 

BDL 

Lake  Ontario 

10°-101 

ioMo2 

tO0-™1 

BDL,  BDL,  BDL 

BDL,  BDL,  BDL 

BDL 

BDL 

io’-io2 

101-102 

io1-™2 

BDL,  BDL,  >103 

BDL,  BDL,  BDL 

BDL 

Demineralized 

BDL 

BDL 

BDL 

BDL,  BDL,  BDL 

BDL,  BDL,  BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL,  BDL 

BDL 

Process  Water 

Recirculated 

101 

104-105 

102-103 

BDL 

BDL 

105-106 

BDL 

Process  Filtrate 

103 

104-105 

104-105 

BDL 

BDL 

103 

BDL 

Seawater 

Java 

>103 

104-105 

103-104 

>103 

BDL 

104-105 

Weak 

BDL- Below  Detection  Limits 
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TABLE  4.4 

RESULTS  OF  SRB  FIELD  KIT  COMPARISONS16 


Sample 

In-House 

Method 

MICKIT™ 

Petrolite 

BUG  CHECK™ 

SANI-CHECK™ 

RapidChek™ 

Hydrogenase™ 

Detection  Limits 

<10° 

<10° 

<10° 

dO1 

<101 

<103 

NA 

COUPONS 

Java  -  Produced  Water 

<102 

BDL 

ioMo1 

BDL 

BDL 

BDL 

Strong 

-  Seawater 

<101 

BDL 

lO^IO1 

BDL 

BDL 

BDL 

BDL 

<102 

ioMo1 

BDL 

BDL 

BDL 

BDL 

Very  Weak 

SLUDGES 

Canada  -  Produced  Water 

106 

104 

>105 

BDL 

BDL 

10s 

BDL 

106 

>104 

>105 

BDL 

BDL 

105 

Strong 

Texas  -  Injection 

<101 

103-104 

10°— 101 

BDL 

BDL 

105-106 

Very  Weak 

-  Rat  Hole 

BDL 

101— 102 

10°— 101 

BDL 

BDL 

BDL 

BDL 

Java  -  Seawater 

<102 

BDL 

BDL 

BDL 

BDL 

103 

Very  Weak 

clO1 

lO^IO2 

102-103 

BDL 

BDL 

104 

Weak 

BDL- Below  Detection  Limits 


FIGURE  50  -  Epifluorescence 
micrograph  of  fluorescent 
antibody  reaction  for  a  deposit 
sample  containing  SRB  (Xt,600).9 
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that  for  produced  water  samples,  the  populations  esti¬ 
mated  with  culture  techniques  were  duplicated  in  most 
cases  with  the  RapidChek”  method.  The  hydrogenase 
assay  did  not  consistently  reproduce  estimates  of  the 
other  methods.  There  was  no  attempt  to  quantify  the 
percentage  of  the  natural  population  that  was  hydroge¬ 
nase  positive.  The  same  general  trends  were  observed 
with  biofilms  removed  from  coupons  and  sludge  samples 
(Table  4.4). 

Cell-bound  antibodies:  Field  and  laboratory 
epifluorescence  cell  surface  antibody  (ECSA)  methods 
for  detecting  SRB  have  been  developed  (Figure  50) 
based  on  the  use  and  subsequent  detection  of  specific 
antibodies,  produced  in  rabbits,  that  react  with  SRB  cells. 

A  secondary  antibody,  produced  in  goats,  is  then  re¬ 
acted  with  the  primary  rabbit  antibodies  bound  to  the 
SRB  cells.  In  the  laboratory  method,  the  goat  antibod¬ 
ies  are  linked  to  a  fluorochrome  that  enables  bacterial 
cells  marked  with  the  secondary  antibody  to  be  viewed 
with  an  epifluorescence  microscope. 

In  the  field  method,  goat  antibodies  are  conjugated 
with  an  enzyme,  alkaline  phosphatase,  that  can  then 
be  reacted  with  a  colorless  substrate  to  produce  a  vis¬ 
ible  color  proportional  to  the  quantity  of  SRB  present. 

Comparisons  of  the  laboratory  fluorescent  antibody 
(FA)  method  to  traditional  culture  techniques  for  detect¬ 
ing  SRB  demonstrated  that  the  laboratory  FA  method  is 
more  sensitive  to  SRB.  The  detection  limit  for  the  lab¬ 
oratory  method  can  be  as  low  as  one  SRB  mL  L  De¬ 
tection  limits  for  the  field  test  are  10,000  SRB  mL 

The  recommended  color  reagent  used  for  field  test¬ 
ing  is  unstable  at  room  temperature  and  tends  to  bind 
nonspecifically  with  antibodies  adsorbed  directly  at  ac¬ 
tive  sites  on  the  filter,  creating  a  false  positive  that  may 
interfere  with  detection  of  SRB  at  levels  below  10,000 
mL-1.  Antigenic  structures  of  marine  and  terrestrial 
strains  are  distinctly  different  and,  therefore,  antibod 
ies  to  either  strain  do  not  react  with  the  other. 
SRB  antibodies  do  not  react  with  non-SRB. 

Developers  report  a  poor  response  of  rabbit  antibod¬ 
ies  developed  from  pure  SRB  cultures  to  mixed  popula¬ 
tions.  Rabbit  SRB  antibodies  generated  from  fresh  SRB 
strains  from  Prudhoe  Bay,  Alaska,  as  well  as  terrestrial 
and  marine  locations,  were  found  to  react  better  with 
SRB  from  natural  sources.  Antigenic  properties  of  the 
cell  surface  change  after  repeated  laboratory  culture. 


Sample  procedure 
for  a  cell-bound  antibody  assay: 

1 )  Spot  1 0  pL  sample  on  a  glass  slide  and 
heat  fix  at  50°C  (122°F)  for  30  min  or 
pass  over  a  flame.  Let  cool. 

2)  Add  1 0  pL  primary  antibody  preparation 
directed  against  organism  of  interest 
(serum  from  rabbits  immunized  against 
the  specific  organism).  Let  stand  at 
room  temperature  for  30  min. 

3)  Wash  with  phosphate  buffered  saline 
(commercially  available  as 
hemagglution  buffer). 

4)  Add  10  pL  goat  anti-rabbit  IgG 
a(ntiserum  labeled  with  fluorescein 
isothiocyanate.  Let  stand  at  room 
temperature  for  30  min. 

5)  Rinse  with  phosphate  buffered  saline. 
Let  dry. 

6)  Add  mounting  medium  and  cover  with 
coverslip. 

7)  Observe  using  epifluorescence 
microscopy  at  1.000X  magnification. 
Count  number  of  reactive  cells  in  at 
least  300  cells  or  100  fields.  Calculate 
number  of  cells  mL"1  or  gram  of  sample 
(average  number  cells/field  x  1 .1  x  105 
=  number  organisms  mL-1). 


DNA:  Gen-Probe  Inc.  (San  Diego,  CA)  has  developed 
a  non-isotopic,  semi-quantitative  procedure  for  detect¬ 
ing  Desulfobacter  and  Desulfotomaculum  using  DNA 
probes  labeled  with  an  acridinium  ester  and  sensitive  to 
104  organisms  mL-1.  DNA  probes  are  directed  toward 
ribosomal  RNA  and  consist  of  four  steps. 

1)  sample  handling, 

2)  binding  the  probe  to  the  target, 

3)  removal  or  destruction  of  the  unbound  probe, 

4)  detection  and  quantification  of  the  reporter 
group  on  the  bound  probe. 

The  DNA  probes  have  not  been  evaluated  for  field 
samples  and  compared  with  culture  techniques. 


Iron-Depositing  Bacteria 

The  following  sections  describe  indicators  for  the  pres¬ 
ence  of  iron-depositing  bacteria  or  iron-related  bacteria 
(IRB)  in  solid  and  liquid  samples.  Iron-depositing  bac¬ 
teria  is  a  general  classification  for  microorganisms  that 
bind  ferric  hydroxide  and  are  characterized  by  the  depo¬ 
sition  of  ferric  hydroxide  in  their  mucilaginous  sheaths 
(Figures  51 , 52). The  process  is  continuous  with  growth, 
and  over  time,  large  accumulations  of  slimy  brown  de¬ 
posits  occur.  The  term  iron-oxidizing  bacteria  can  be 
used  for  those  organisms  that  use  Fe2+  as  a  source  of 
energy  during  autotrophic  growth. 

The  presence  of  iron-depositing  bacteria  is  suggested 
when  orange,  red,  and  brown  slimes  with  hardened  tu¬ 
bercular  growths  are  observed  (Figure  53).  Under¬ 
deposit  corrosion  occurs  under  the  tubercles.  Cloudi¬ 
ness,  discoloration,  and  flocculent  growth  in  the 


electrolyte  should  be  noted.  Iron-depositing  bacteria  may 
clog  water  lines,  reduce  heat  transfer,  and  cause  stain¬ 
ing.  Iron-depositing  bacteria  generally  are  filamentous, 
typically  found  in  freshwater,  and  are  frequently  sur¬ 
rounded  by  a  sheath  encrusted  with  iron  or  manqanese 
or  both. 

These  genera  are  classified  as  iron-depositing  bac 
teria:  Siderocapsa,  Gallionella  ( Dioymohelix ),  Sphae- 
rotilus,  Crenothrix,  Leptothrix,  and  Clonothrix.  Detection 
of  iron-depositing  bacteria  depends  on  diagnostic  liquid 
cultures  while  identification  requires  microscopic  exami¬ 
nation. There  are  no  standard  techniques  for  quantifica¬ 
tion  of  iron-depositing  bacteria.  The  presence  of  iron- 
depositing  bacteria  within  tubercles  associated  with  lo¬ 
calized  corrosion  is  considered  a  positive  indication  of 
MIC.  Activities  of  manganese-depositing  bacteria  pro¬ 
duce  black  deposits  on  surfaces  and  similar  under-de- 
posit  corrosion  (Figure  54).  Identification  and  quantifi¬ 
cation  of  manganese-depositing  bacteria  is  based  on 
the  agar  spread  plate  procedure. 


FIGURE  54  -  Black  manganese  dioxide  deposits  on 
carbon  steel  caused  by  metal-depositing  bacteria. 


Procedures  for  identifying  iron-depositing  bacteria 


These  procedures  can  be  used  to  identify  iron-depos¬ 
iting  bacteria  microscopically.  Necessary  apparatus  and 
materials  include: 

1)  Centrifuge  and  conical  tubes; 

2)  Microscope  and  light  source  with  400  to  1 ,000X 
objectives;  a  dark-field  condenser  is  desirable; 

3)  Ten  mL  pipets  with  an  opening  3  to  4  mm  in  diam¬ 
eter  for  thick  samples,  and  1  mL  pipets  for  thin  samples; 

4)  Spatula,  small  and  narrow,  for  handling  thick 
samples; 

5)  Membrane  filter  assembly; 

6)  Filter  paper  or  blotter; 

7)  Slides,  standard  type,  25  x  76  mm  (1  x  3  in.)  with 
either  plain  or  frosted  end; 

8)  Cover  glasses,  round  or  square  type,  19  mm  (3.4 
in.)  in  diameter; 

9)  Ammonium  oxalate  -  Crystal  Violet  Solution  -  Mix 
2.0  g  crystal  violet  (90%  dye  content)  in  20  mL  ethyl 
alcohol  (95%)  with  a  solution  of  0.8  g  ammonium  ox¬ 
alate  monohydrate  (NH4)2C204-H20)  in  80  mL  water. 


Hydrochloric  acid  (1  +  4)  —  Mix  1  volume  hydrochloric 
acid  (HCI,  sp  gr  1 .1 9)  with  4  volumes  water. 

Iodine  solution  -  Dissolve  1  g  iodine  in  a  solute  con¬ 
taining  2  g  potassium  iodide  (Kl)  in  10  mL  water  and 
dilute  the  resulting  solution  to  300  mL  with  water. 

•  Collect  a  500  mL  water  sample  using  a  sterile  1  L 
bottle.  The  bottle  should  not  be  more  than  half  filled  be¬ 
cause  of  the  oxygen  demand  of  suspended  matter;  fill¬ 
ing  the  bottle  may  cause  the  sample  to  become  anaero¬ 
bic.  Soil,  sediment,  and  mud  samples  should  be  col¬ 
lected  from  the  solid-water  interface  for  maximum  bac¬ 
terial  populations. 

•  Transfer  solid  samples  to  wide-mouth  bottles  and 
add  clean,  chlorine-free  water  to  cover  the  deposits. 
Maintain  moisture  until  examined. 

Examine  microscopically  for  presence  of  iron-depos¬ 
iting  bacteria: 

•  Place  a  portion  of  the  sample  on  the  slide  and  apply 
a  cover  glass.  A  spatula  or  wide-mouth  pipet  can  be 
used  to  transfer  the  sample  to  the  slide.  Use  a  pipet  to 
transfer  floe  material.  Floes  settle  to  the  tip  when  the 
pipet  is  held  in  a  vertical  position  and  are  concentrated 
in  the  first  drop.  In  the  case  of  very  dilute  solids  or  a 
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water  sample,  concentrate  organisms  by  centrifuging, 
pour  off  the  supernatant  liquid,  and  repeat  if  necessary. 

•  An  alternative  procedure  is  to  filter  a  suitable  vol¬ 
ume  of  the  dilute  solids  or  entire  water  sample  through 
a  0.45  pm  membrane  filter  in  a  filtration  assembly  (holder, 
tubing,  trap,  flasks,  and  vacuum  pump).  For  this  test  it  is 
not  necessary  to  sterilize  the  filter  assembly  for  each 
sample,  but  the  assembly  should  be  thoroughly  cleaned 
between  tests. 

•  Examine  slide  under  the  microscope  to  determine  if 
encrusted,  colorless  or  colored  sheaths  are  present. 
Place  diluted  hydrochloric  acid  (1  +  4)  at  one  side  of  the 
cover  glass  and  draw  it  underneath  by  absorbing  the 
liquid  at  the  opposite  side  with  a  filter  paper  or  blotter. 
Continue  this  procedure  until  no  more  yellow  ferric  chlo¬ 
ride  is  evident  in  the  solution.  Take  care  that  the  flow  of 
the  liquid  is  not  fast,  or  the  sample  may  be  drawn  to  the 
absorbent  material. This  treatment  removes  iron  depos¬ 
ited  in  the  sheaths  of  the  bacteria  and  exposes  cells. 

•  In  a  similar  manner,  rinse  the  iodine  solution  under 
the  cover  glass  until  the  color  of  the  liquid  becomes  yel¬ 
low  or  the  filter  paper  becomes  colored. The  iodine  stains 
bacerial  cells  brown  and  makes  them  more  easily  dis¬ 
tinguished. 

•  Examine  slide  under  a  microscope  using  a  high- 
power,  dry  objective  for  the  presence  of  Sphaerotilus, 
Crenothrix,  Leptothrix,  and  Clonothrix. 

•  Prepare  a  new  slide  by  placing  a  drop  of  the  sample 
on  a  clean  slide  and  allowing  it  to  air-dry.  Stain  for  1  min 
with  ammonium  oxalate-crystal  violet  solution,  wash 
with  distilled  water,  and  allow  to  dry.  Examine  the  slide 
under  an  oil-immersion  lens  for  the  presence  of 
Siderocapsa,  which  will  appear  violet  colored. 

The  following  four  tests  are  taken  from  Cullimore.17 
Incubation  at  room  temperature  is  recommended  as  a 
matter  of  convenience. The  tests  do  not  require  special¬ 
ized  equipment  and  can  be  easily  interpreted. 

Rodina  test:  The  Rodina  test  depends  on  the  ability 
of  some  iron-depositing  bacteria  to  generate  a  red 
flocculant.  Sample  water  is  poured  to  a  depth  of  10  cm 
into  a  wide-necked  flask  and  allowed  to  stand  overnight. 
The  wide  neck  generates  a  large  surface  area  through 
which  oxygen  diffuses  into  the  water.  Under  these  con¬ 
ditions,  some  iron-depositing  bacteria  form  flakes  that 
resemble  discolored  cotton  wool,  confirming  their  pres¬ 
ence.  (Figure  55). 


ADD  WATER  TO  A  WIDE 
NECKED  FLASK  TO  A  DEPTH 
OF  10  CM. 

LEAVE  AT  ROOM 
TEMPERATURE  AND  OBSERVE 


DISCOLORED 
•COTTON  -  LIKE’ 
GROWTHS  INDICATE 
IR8ARE  PRESENT. 
CONFIRM 

MICROSCOPICALLY. 


FIGURE  55  -  Rodina  test.17 

(Reprinted  with  permission  from  Practical  Manual  of  Groundwater  Micro¬ 
biology  by  D.  Roy  Cullimore  ©1992,  CRC  Press,  Boca  Raton,  FL.) 

Cholodny  test:  The  Cholodny  test  is  based  on  the 
fact  that  some  iron-depositing  bacteria  can  be  seen  if 
the  organisms  attach  to  glass.  To  conduct  the  Cholodny 
test,  sample  water  and  accompanying  sediment  are 
placed  in  a  jar.  A  cork  with  several  glass  cover  slips  or 
slides  attached  to  the  underside  is  floated  on  the  water 
surface  (Figure  56).  As  the  water  clears  through  sedi¬ 
mentation,  the  glass  attached  to  the  cork  becomes  vis¬ 
ible.  The  development  of  “rust  spots”  or  “cotton-like  ac¬ 
cumulations,”  either  on  the  surface  of  the  sediment  or 
on  the  glass  inserts,  within  24  h  incubation  is  indicative 
of  the  presence  of  iron-depositing  bacteria.  Glass  in¬ 
serts  can  be  removed  with  the  cork  from  the  water,  de¬ 
tached,  and  examined  microscopically  to  identify  num 
bers  and  types  of  iron-depositing  bacteria. 


(Reprinted  with  permission  from  Practical  Manual  of  Groundwater 
Microbiology  by  D.  Roy  Cullimore,  ©1992,  CRC  Press,  Boca  Raton,  FL.) 
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Grainge  and  Lund  test:  In  this  test,  iron  is  added  to 
a  water  sample  in  such  a  way  that  iron-depositing  bac¬ 
teria  activity  can  be  easily  identified.  An  acetone-washed 
soft  steel  washer  is  placed  in  a  conical  flask  (e.g.,  Er- 
lenmeyer  flask)  and  an  extruded  plastic  rod  (e.g.,  stir¬ 
ring  rod)  positioned  vertically  (Figure  57).  Sample  wa¬ 
ter  is  added  to  cover  the  soft  steel  washer.  The  end  of 
the  plastic  rod  is  exposed  to  air.  After  two  days,  translu¬ 
cent,  brownish,  string-like  growths  at  the  water  line 
around  the  plastic  rod  are  indicative  of  the  presence  of 
iron-depositing  bacteria  in  the  water  sample. 


A  SOFT  STEEL  WASHER  AND  A  PLASTIC  STIR  STICK  ARE 
PLACED  IN  A  CONICAL  FLASK.  WATER  IS  ADDED  ANO  THE 
TEST  LEFT  AT  DCOM  TEMPERATURE  FOR  TWO  DAYS.  THE 
INTERFACE  ON  STIR  STICK  IS  EXAMINED  FOR  GROWTHS 


POSITIVE  FOR  IRB 
ARE  STRING-LIKE 
GROWTHS  WHICH 
■TURN  BROWN  OVER 
TIME 


WATER 


SOFT  STEEL  WASHER 


FIGURE  57  -  Grainge  and  Lund  test.17 

(Reprinted  with  permission  from  Practical  Manual  of  Groundwater 
Microbiology  by  D.  Roy  Cullimore,  ©1992,  CRC  Press,  Boca  Raton, 
FL.) 


Key  for  identifying  iron-depositing  bacteria: 

I.  TRUE  BACTERIA: 

Capsulated  coccoid  or  short  rods 
Genus:  Siderocapsa 

Organisms  are  coccoid  or  short  rods,  occurring  in 
groups  of  1  to  30  but  generally  less  than  1 0,  surrounded 
by  a  mucoid  capsule.  The  deposit  surrounding  the  cap¬ 
sule  is  rust-brown  due  to  the  presence  of  hydrous  ferric 
oxide. 


II.  STALKED  BACTERIA: 

Twisted  or  straight  bands  resembling  a  ribbon  or  a 
row  of  beads.  Bacteria  are  rod-shaped  and  borne  at  the 
top  of  the  stalk. 


Genus:  Gallionella  (Didymohelix) 
(Figure  51  a-f) 

The  stalks  are  slender  (1  to  3  pm),  dichotomously 
branched,  and  composed  of  colloidal  hydrous  ferric  ox¬ 
ide.  The  bacteria  are  frequently  overlooked,  and  the  stalk 
is  considered  as  the  bacterium. 

III.  FILAMENTOUS  BACTERIA: 

A.  Not  encrusted  with  iron. 

Genus:  Sphaerotilus 

Filaments  are  attached,  colorless,  and  may  show  false 
branching. The  cells  are  rod-shaped  or  oval,  1 .5  to  4  pm 


The  George  Alford  test:  A  non-galvanized  iron 
washer  is  introduced  to  a  water  sample  along  with  a 
readily  available  carbon  source  (ethanol)  to  stimulate 
the  activity  of  the  iron-depositing  bacteria.  To  test,  150 
mL  of  a  water  sample  and  a  non-galvanized  washer  are 
added  to  a  clean  glass  container  with  two  drops  of  etha¬ 
nol.  Cover  the  glass  loosely  with  aluminum  foil  (to  re¬ 
duce  evaporation)  and  incubate  at  room  temperature 
(Figure  58). 

After  two  days,  a  positive  reaction  is  recognized  by 
either  a  “fuzzy”  growth  around  the  washer  or  metallic 
“floaters”  in  the  water.  In  both  cases,  iron-depositing 
bacteria  are  either  actively  attaching  directly  to  the 
source  of  iron  (i.e. ,  the  washer)  or  accumulating  the  dis¬ 
solved  iron  within  suspended  particulate  masses  (i.e., 
the  floaters). 


TWO  DROPS  OF 
ETHANOL  IS  AODED  TO  THE 
WATER  SAMPLE  TOGETHER 
WfTH  A  SOFT  STEEL 
WASHER. 

THE  TEST  IS  KEPT  IN  A 
WAFM  PLACE  FOR  TWO 
DAYS  WITH  ALLMINILM 
FOIL  OVER  THE  MOUTH  OF 
THE  TEST  DEVICE. 
POSITIVES  FOR  IRB  ARE 
EITHER: 

METALLIC  FLOATERS 
OR 

FUZZY  GROWTH  AROUND 
WASHER 


FIGURE  58  -  The  George  Alford  test.17 

(Reprinted  with  permission  from  Practical  Manual  of  Groundwater 
Microbiology  by  D.  Roy  Cullimore,  ©  1992,  CRC  Press,  Boca  Raton,  FL.) 
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in  diameter,  surrounded  by  a  firm  sheath  that  is  entirely 
organic  and  not  impregnated  with  iron. 

B.  Encrusted  with  iron. 

(1)  Not  branched: 

Genus:  Crenothrix 

(Figure  52  a-c) 

Filaments  usually  are  attached  to  a  firm  substrate  and 
are  differentiated  into  a  base  and  a  tip.  The  sheath  is 
plainly  visible  and  is  thin  and  colorless  at  the  tip,  be¬ 
coming  thick  and  encrusted  with  iron  oxide  at  the  base. 
The  cells  vary  from  cylindrical  to  spherical,  the  diam¬ 
eter  being  between  2  and  9  pm.  Spherical,  nonmotile 
reproductive  bodies  are  formed.  False  branching  may 
occur  due  to  germination  of  spores  within  the  sheath. 

(2)  May  be  branched: 

(a)  Cells  from  0.5  to  1  pm  in 
diameter. 

Filaments  contain  colorless,  cylindrical  cells  which  first 
have  a  thin,  colorless  sheath  that  later  becomes  en¬ 
crusted  with  iron  oxide. 

(b)  Cells  2  pm  or  more  in  diameter. 
Genus:  Clonothrix 

Filaments  attached  show  false  branching.  Sheaths  are 
organic  and  encrusted  with  iron  hydroxide  or  manga¬ 
nese,  broader  at  the  base  and  tapered  to  the  tip,  vary¬ 
ing  from  7  to  2  pm.  Cells  are  colorless,  cylindrical,  2  x 
1 0  pm.  Filaments  are  colorless  when  young,  becoming 
dark,  yellowish-brown  with  age.  Forms  spherical  repro¬ 
ductive  cells  on  the  short  branches  of  the  younger  por¬ 
tions  of  the  filaments. 

The  following  staining  techniques,  adapted  from 
Cullimore'7,  are  specific  for  iron-depositing  bacteria. 

Olanczuk-Neyman  method:The  Olanczuk-Neyman 
staining  technique  requires  membrane  filtration  to  con¬ 
centrate  suspended  particulates  prior  to  staining. 

•  Dilute  10,  1,  and  0.1  mL  aliquots  of  water  sample 
into  1 1 0, 1 1 9,  and  1 1 9.9  mL  (respectively)  of  sterile  Ring¬ 
ers  solution  (see  page  34)  to  create  final  volumes  of 
1 20  mL.  Gently  mix  each  dilution. 

•  Filter  each  dilution  through  a  0.45  pm  membrane 
filter  and  immerse  each  filter  into  a  1 .0%  solution  of  for¬ 
malin  for  a  minimum  of  20  min. 


•  Following  fixation  in  formalin,  immerse  the  filter  in  a 
2.0%  solution  of  potassium  ferricyanide  for  20  min. 

•  Rinse  each  filter  in  5.0%  hydrochloric  acid  for  3  min. 

•  Rinse  gently  with  distilled  water. 

•  Cover  filter  with  a  5.0%  solution  of  erythrosin  A  in  a 
5.0%  phenol-based  solution.  (Note:  2.0%  solution  of 
safranin  can  be  substituted  for  the  erythrosin  A.) 

•  Gently  rinse  the  membrane  filter  with  distilled  water 
to  remove  stain  and  air-dry. 

•  Examine  microscopically.  Bacterial  cells  appear  red 
and  iron  deposits,  blue. 

Meyers  stain:  Meyers  stain  primarily  is  recommended 
for  use  with  water  samples  showing  some  sign  of  iron- 
depositing  bacterial  contamination  (e.g.,  the  water  is  dis¬ 
colored  to  a  yellow,  orange,  or  brown  hue;  the  water  has 
a  distinct  colored  deposit  that  may  have  an  indistinct  or 
fuzzy  outline). 

•  Separate  cellular  material  by  centrifugation  to  the 
extent  that  a  pellet  is  formed  in  the  base  of  the  centri¬ 
fuge  tube.  The  precise  level  of  centrifugation  will  vary 
since  a  greater  amount  of  g  force  (gravity)  may  be  re¬ 
quired  to  compact  cells  in  some  waters. 

•  Remove  water  carefully  with  a  pipet  so  as  not  to 
disturb  the  pellet. 

•  Using  a  sterilized  bacteriological  loop,  withdraw 
some  of  the  pellet  and  smear  on  a  bacteriological  slide. 

•  Air-dry  the  slide  and  heat-fix  by  passing  the  slide 
quickly  three  times  through  the  lower  part  of  a  blue  flame. 
Be  careful  not  to  overheat  the  slide.  Only  enough  heat 
is  required  to  make  it  warm  to  the  touch. 

•  Immerse  slide  in  absolute  methanol  for  15  min. 

•  While  the  slide  is  immersed,  bring  to  boiling  point  a 
1:1  mixture  (v/v)  of  2%  potassium  ferricyanide  and  5% 
acetic  acid,  both  as  aqueous  solutions  in  distilled  water. 

•  Remove  slide  from  the  methanol  and  immerse  in 
boiling  mixture  for  2  min. 

•  Remove  slide  and  allow  to  cool. 

•  Gently  wash  slide  with  distilled  water. 

•  Cover  slide  with  an  aqueous  2%  safranin  solution 


and  leave  for  10  min. 

•  Rinse  slide  with  distilled  water,  air-dry,  and  examine 
microscopically. 

The  Meyers  stain  is  not  quantitative  but  does  allow 
one  to  verify  the  presence  or  absence  of  iron-deposit¬ 
ing  bacteria.  The  technique  is  not  suitable  for  waters 
with  a  low  iron-depositing  bacteria  population. 

Leuschow  and  Mackenthum  Membrane  Filtration 
technique:The  Leuschow  and  Mackenthum  Membrane 
Filtration  technique  can  be  used  with  waters  having  a 
low  number  of  iron-depositing  bacteria.  Unlike  staining 
techniques,  this  procedure  involves  direct  observation 
of  the  bacteria  on  a  membrane  filter,  dried  and  rendered 
transparent  with  immersion  oil.  The  technique  is  re¬ 
stricted  to  bacteria  with  large  and/or  distinctive  struc¬ 
tures.  Stalked  and  sheathed  iron-depositing  bacteria  may 
easily  be  seen  using  this  technique. 

Filter  100  mL  of  the  water  sample  through  a  0.45 
pm  membrane  filter. 

•  Remove  filter  and  thoroughly  dry  in  a  hot  oven. 

•  Saturate  the  dried  membrane  filter  with  immersion 
oil. 

•  Place  filter  on  a  bacteriological  glass  slide  and  ex¬ 
amine  under  high  power  (400-600X). 

Negative  wet  mount  stain:  One  major  problem  with 
staining  techniques  is  that  the  “edge”  of  bacterial  cells, 
particles,  sheaths,  and  stalks  may  be  diffuse  and  diffi¬ 
cult  to  observe.  Additionally,  where  bacteria  are  not  pig¬ 
mented  or  have  not  accumulated  iron,  cells  may  be  trans¬ 
parent  to  light  and  not  easily  recognized.  Negative  stains 
use  a  different  concept  in  that  the  background  is  stained 
while  bacterial  cells  remain  unstained.  Cells  stand  out 
as  being  illuminated  zones  within  a  darkened  (stained) 
background.  In  this  case  an  acidic  stain,  nigrosin,  is  used. 

It  does  not  penetrate  or  stain  bacterial  cells.  The  stain 
does  produce  a  deposit  around  the  cells,  forming  a  dark 
background  in  which  bacteria  appear  as  clear,  unstained 
regions  that  relate  to  the  shape  of  the  cells.  Where 


nigrosin  is  not  available,  India  ink  (25%  aqueous  solu¬ 
tion)  may  be  used. 

Negative  stains  are  more  satisfactory  for  waters  show¬ 
ing  visible  signals  of  possible  microbial  presence  (dis¬ 
coloration  and  clouding)  and  have  the  advantage  that 
all  types  of  bacteria  may  be  observed  by  this  technique. 
There  are  a  number  of  mechanisms  to  obtain  the  sample 
for  the  negative  stain.  Approximately  0.2  mL  of  suspen¬ 
sion  is  used  in  this  staining  technique.  A  very  turbid  water 
or  a  centrifuged  pellet  probably  would  have  too  many 
cells  to  be  clearly  definable.  A  clear  water  sample  may 
have  too  few  cells  to  be  conveniently  observed.  In  either 
event,  some  dilution  (into  a  sterile  Ringers  solution)  or 
concentration  (by  passive  settlement  or  centrifugation) 
may  be  needed  to  conveniently  view  a  dispersed  micro¬ 
bial  mass.  Trial  and  error  may  be  required  to  find  the 
appropriate  dilution  or  concentration  of  the  water  sample. 

•  Flame  sterilize  wire  inoculating  loop:  Hold  by  handle 
with  the  loop  in  a  hot  blue  flame  until  the  loop  glows  red. 
Remove  loop  from  flame  and  allow  to  cool  slightly.  One 
loopful  of  liquid  sample  contains  one  drop. 

•  Using  a  sterile  inoculating  loop,  transfer  two  drops 
of  the  sample  to  a  clean  glass  slide. 

•  Add  droPs  of  nigrosin  and  evenly  mix  the  sample 
with  the  nigrosin. 

•  Spread  the  mixture  over  the  surface  of  the  slide  us¬ 
ing  the  narrow  flat  edge  of  a  second  slide  held  at  an 
angle  to  the  first  slide.  As  the  edge  is  moved  along  over 
the  surface  of  the  glass  slide,  the  suspension  is  spread 
to  form  a  thin  film. 

•  Lower  one  end  of  a  cover  slip  over  the  central  area 
of  the  film  using  forceps.  Gradually  reduce  the  angle  of 
the  cover  slip  until  it  is  totally  in  contact  with  the  film, 
taking  care  that  no  air  bubbles  are  entrapped. 

•  Using  high  power  and  oil  immersion-assisted  micros¬ 
copy,  examine  the  film  through  the  cover  slip.  Cells  will 
appear  to  be  either  transparent  (if  there  has  been  no 
excessive  accumulation  of  iron)  or  orange  to  brown 
(where  iron  has  been  accumulated).  The  background 
will  appear  pale. 
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Adenosine  Triphosphate  (ATP) 

Measurement  of  ATP  using  firefly  luciferin-luciferase  is 
a  rapid,  sensitive  determination  of  viable  microbial  bio¬ 
mass.  Because  ATP  is  a  compound  found  in  all  living 
matter,  ATP  assays  can  be  used  to  estimate  the  total 
number  of  viable  organisms.  ATP,  the  primary  energy 
donor  for  life  processes,  does  not  exist  in  association 
with  nonliving  detrital  material,  and  the  amount  of  ATP 
per  unit  of  viable  biomass  (expressed  in  weight)  is  rela¬ 
tively  constant.  A  conversion  factor  of  2.5  x  1 0-10  pg  ATP/ 
cell  has  been  used  to  represent  the  average  ATP  con¬ 
tent  of  19  bacterial  species.18  For  specific  applications 
the  conversion  factor  should  be  calculated  using  actual 
bacteria  isolated.  ATP  per  cell  does  vary  with  species 
and  physiological  state  of  the  organism.  ATP  in  a  num¬ 
ber  of  bacteria  (Table  5.1 )  was  extracted  by  suspending 
1  mL  washed  cells  in  5  mL  extracting  reagent. 

The  following  test  procedure  is  adapted  from  ASTM 
Standard  D4012-81,  "StandardTest  Method  for  Adenos¬ 
ine  Triphosphate  (ATP)  Content  of  Microorganisms  in 
Water"  (revised  1990).  It  is  adequate  to  measure  ATP 
concentrations  normally  found  in  laboratory  cultures, 
natural  waters,  wastewaters,  and  in  plankton  and  per¬ 
iphyton  samples  from  waters.  Estimation  of  ATP  in 
biofilms  on  metal  coupons  is  not  recommended  because 
of  the  interference  of  heavy  metal  contamination  from 
the  coupon.  Biomass  in  the  sample  can  be  determined 
by  direct  ATP  extraction  when  cell  counts  are  greater 
than  20,000  microorganisms  mL'1.  When  cell  counts 
are  less  than  20,000  microorganisms  mL"1  the  sample 
may  be  concentrated  using  either  centrifugation  or  fil¬ 
tration  prior  to  ATP  extraction.  Sample  sites  should  cor¬ 
respond  as  closely  as  possible  to  those  selected  for 
microbiological  sampling  so  there  is  maximum 


TABLE  5.1 

ATP  CONTENT  IN  BACTERIA19 


Organisms 

Total  cell/ml 
(xIO8) 

ng  ATP/cell 
(xIO'10) 

Aerobacter  aerogenes 

15 

0.28 

Bacillus  cereus 

3 

1.1 

Bacillus  coagularts 

8.8 

1.7 

Bacillus  globigii 

4.6 

5.4 

Brevibacterium  helvolum 

22 

0.37 

Erwina  carotovora 

6.4 

0.44 

Escherichia  coli 

16 

1.0 

Flavobacterium  arborescens 

6.1 

1.5 

Gaffkya  tetragena 

10 

0.61 

Klebsiella  pneumoniae 

9 

5.0 

Micrococcus  lysodeikticus 

14 

1.3 

Mycobacterium  phlei 

5.3 

1.9 

Mycobacterium  smegmatis 

6.5 

8.9 

Pseudomonas  aeruginosa 

33 

1.0 

Pseudomonas  fluorescens 

11 

3.1 

Proteus  vulgaris 

7.9 

1.8 

Sarcina  lutea 

32 

0.37 

Serratia  marcescens 

26 

1.0 

Staphylococcus  aureus 

23 

0.64 

clarity  for  correlation  of  results.  Extraction  procedures 
should  be  performed  immediately  after  sample  collec¬ 
tion.  Samples  may  be  stored  two  to  three  h  if  tempera¬ 
ture  and  lighting  conditions  are  maintained.  If  the  analy¬ 
sis  cannot  be  performed  within  that  period,  the  extracted 
sample  may  be  stored  at  -20°C  (-4°F)  for  up  to  six 
months. 
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Microbiologically  Influenced  Corrosion 


1.  Apparatus  and  materials 

The  following  apparatus  and  materials  are  required 
for  ATP  testing: 

•  ATP  photometer  to  measure  light  output; 

•  Vacuum  filtration  system  (0.45  pm  membrane 
filters); 

•  Precision  syringe,  50  pL  (a  constant-rate 
injection  attachment  is  recommended); 

•  Automatic  pipets  and  disposable  tips; 

•  ATP-free  glassware  -  rinse  chemically  clean 
glassware  three  times  with  0.2  N  HCI,  rinse 
three  times  with  tris  buffer,  and  rinse  three  times 
with  ATP-free  water; 

•  Reaction  vial,  6  x  49  mm. 

2.  Reagents 

Reagents  must  be  of  high  purity  so  that  background 
light  emission  is  held  to  a  minimum.  High-viscosity 
samples  may  not  mix  adequately  with  the  reagents  upon 
injection.  Poor  mixing  results  in  decreased  reaction  rates 
and  irreproducible  results. 

ATP  Standard  Solution  -  Weigh  1 19.3  mg  crystalline 
adenosine  5'-triphosphate-disodium  salt  using  ATP-free 
glassware.  Dissolve  ATP  in  100  mL  fresh  0.02  M  tris 
buffer  containing  29.2  mg  EDTA  (Na2H2  EDTA  •  2H20) 
and  1 20  mg  MgS04.  Aliquots  are  stored  at  -20°C  (-4°F) 
until  required. 

Extraction  Reagent  -  ATP  can  be  extracted  from 
samples  by  various  reagents  and  procedures. The  most 
commonly  used  extracting  reagent  is  boiling  tris  buffer. 

Hydrochloric  Acid  (17  mL  L’1)  -  Add  17.0  mL  HCI  (sp 
gr  1.19)  to  a  1  L  volumetric  flask  and  bring  to  volume 
with  water. 

Tris  Buffer  (0.02  M)  (Tris(Hydroxymethyl) 
Aminomethane)  —  Dissolve  2.5  g  of  the  buffer  crystals 
in  1  L  deionized  water.  Bring  to  pH  7.75  using  HCI.  Ster¬ 
ilize  by  autoclaving  for  30  min  at  121°C  (250°F),  15  psi 
(103  kPa)  pressure,  and  store  refrigerated  in  stoppered 
flasks. 

ATP-free  Water  —  Sterile  ATP-free  water  may  be  pre¬ 
pared  by  treatment  in  a  suitable  system  involving  car¬ 


bon  treatment  with  deionization,  filtration,  glass  distilla¬ 
tion,  or  sterilization  by  autoclaving  and  storage  under 
refrigeration  in  stoppered  flasks. 

Luciferase/Luciferin  Reaction  Mixture  -This  material 
is  commercially  available  and  should  be  prepared  in 
accordance  with  the  supplier’s  instructions.  Clean  glass¬ 
ware  must  be  used. The  iuciferase/luciferin  reaction  mix¬ 
ture  must  be  mixed  gently  without  shaking. 

Luciferin,  a  protein  found  in  bioluminescent  organisms, 
produces  light  in  proportion  to  energy  supplied  by  cellu¬ 
lar  ATP  when  oxidized.  The  enzyme  luciferase  cata¬ 
lyzes  that  oxidation.  Luciferase  can  be  inhibited  or  de¬ 
natured  by  the  presence  of  heavy  metals,  high  salt  con¬ 
centrations,  and  organic  solvents  in  the  sample.The  ATP 
luciferase  reaction  also  is  affected  by  some  phosphate 
buffers,  inorganic  salts,  and  high  magnesium  concen¬ 
trations.  Other  energy-mediating  compounds,  such  as 
adenosine  diphosphate,  cytidine-5-triphosphate,  and 
inosine-5-triphosphate,  react  with  luciferin  to  produce 
light,  but  compared  to  ATP  they  are  usually  present  only 
in  small  amounts  and  do  not  constitute  a  significant 
source  of  error. 

Overall  reaction  is  shown  by: 

Mg2*  ^ 

Luciferin  (reduced)  +  ATP  +  Os  luciferase  Luciferin  (oxidized) 

+  HjO  +  light 

When  all  necessary  reactants  are  present  in  excess, 
light  emission  is  directly  related  to  ATP  concentration. 
Reaction  kinetics  and  specificity  are  dependent  on  the 
purity  of  the  enzyme  preparation;  sensitivity  is  controlled 
by  luciferin  concentration. 

Accurate  determinations  of  ATP  require  quantitative 
extraction  of  ATP  from  the  sample.  Separate  cells  from 
any  possible  free  (extracellular)  ATP  and  other  interfer¬ 
ing  materials  by  filtration,  centrifugation,  sample  wash¬ 
ing,  etc.  Omit  the  separation  step  if  the  sample  is  known 
to  be  free  of  soluble  ATP  or  interfering  material.  After 
separation,  lyse  the  cell  wall  to  free  ATP  for  subsequent 
analysis. 

Perform  three  replicate  (triplicate)  analyses  on  each 
sample  to  ensure  efficiency,  reliability,  and  reproducibil¬ 
ity. 

3.  Extraction  procedures 

Either  of  the  following  procedures  may  be  used  for 
the  ATP  test. 
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Procedure  A  —  Boiling  0.02  MTris  Filtration  Method: 

•  Filter  100  mL  of  sample  through  a  0.45  pm 
membrane  filter. 

•  Remove  filter  as  soon  as  the  filtration  is 
complete.  Do  not  allow  filter  to  dry.  Break  the 
vacuum  just  as  the  liquid  passes  through  the 
filter.  Remove  the  filter  and  place  in  5.0  mL 
boiling  0.02  M  tris  buffer. 

•  Heat  for  5  to  1 0  min  at  1 00°C  (1 21  °F)  in  a  water 
bath. 

Procedure  B  —  Boiling  0.02  M  Tris  Buffer  Without 
Filtration  Method: 

•  Add  1 .0  mL  sample  to  approximately  35  mL  0.02 
M  tris  buffer  pH  7.75  in  a  50  mL  Erlenmeyer 
flask  that  has  reached  a  temperature  of  at  least 
98°C  (208°F)  in  a  boiling  water  bath. 

•  Maintain  boiling  temperature  for  2  to  4  min. 

•  Cool  to  room  temperature. 

•  Transfer  to  a  50  mL  volumetric  flask  and  bring 
up  to  volume  with  0.02  M  tris  buffer. 

Procedure  B  should  be  used  with  marine  waters  ex¬ 
tracted  directly  without  filtrations.  It  is  necessary  to  di¬ 
lute  the  sample  with  0.02  M  tris  buffer  to  avoid  inhibition 
of  the  luminescence  reaction  by  sodium  chloride. 

4.  Standardization  curve 

It  is  necessary  to  prepare  a  standard  curve: 

•  Pipet  1.0  mL  of  the  standard  ATP  solution 
containing  1 .0  mg  ATP  into  a  1  L  volumetric  flask 
and  bring  up  to  volume  with  0.02  M  tris  buffer. 
Cali  this  Solution  A.  Solution  A  will  contain  1 .0 
pg  ATP  mL-1.  Make  the  following  serial  dilutions: 

1 )  1 .0  mL  Solution  A  +  9  mL  0.02  M  tris  =  Solution 

B,  Solution  B  =  1.0  x  10'1  pg  ATP  mL-1. 

2)  1 .0  mL  Solution  A  +  99  mL  0.02  M  tris  =  Solution 

C,  Solution  C  =  1.0  x  10'2  pg  ATP  mL'1. 

3)  1.0  mL  Solution  C+  9  mL  0.02  M  tris  =  Solution 

D,  Solution  D  =  1.0  x  lO"3  pg  ATP  mL'1. 

Additional  dilutions  are  required  for  oligotrophic  wa¬ 
ters.  Standards  can  be  prepared,  frozen,  and  thawed 
as  needed.  A  minimum  of  three  replicate  determina¬ 
tions  of  each  of  the  standard  solutions  (Solutions  A,  B, 


C,  and  D)  should  be  used  to  prepare  a  calibration  curve. 
Standards  should  be  prepared  to  contain  concentrations 
of  ATP  at  the  lower  end,  upper  end,  and  midway  in  the 
range  of  ATP  concentrations  that  the  analyst  suspects 
(or  knows)  to  be  present  in  the  samples  to  be  analyzed. 

•  Determine  (triplicate  measurements)  instrument 
response  to  the  reagent  blank  consisting  of 
sterile  extractant.  Subtract  the  instrument 
response  to  the  blank  from  the  response  to 
dilutions  of  the  standard  and  plot  results  vs  ATP 
concentration  on  log-log  paper. 

5.  Sample  analysis 

If  microorganisms  are  not  concentrated  by  filtration 
before  ATP  is  extracted,  test  the  water  carrying  the  mi¬ 
croorganisms  for  the  presence  of  agents  that  might  in¬ 
terfere  with  the  ATP-luciferase  reaction  by  spiking  a  suit¬ 
able  volume  of  filtered  water  that  does  not  contain  soluble 
extracellular  ATP. 

•  Rinse  the  microlitre  syringe  three  times  with  0.2 
N  HCI  by  drawing  acid  into  the  entire  50  pL  then 
rinse  three  times  with  0.02  M  tris  buffer  solution 
to  neutralize  any  remaining  acid. 

•  Add  sufficient  volume  of  extract  to  the  luciferin- 
luciferase  mixture  and  measure  response  with 
a  suitable  ATP  analyzer. 

•  Repeat  rinse  between  each  sample. 

•  Convert  instrument  reading  to  ATP  units  mL'1 
using  the  standard  curve.  Account  for  total 
sample  volume  filtered  or  volume  actually 
analyzed,  or  both,  as  appropriate.  Data  can  be 
expressed  in  terms  of  ATP  content  or 
approximate  cell  numbers. 

Polysaccharides, 

Polyphenols,  and  Proteins _ _ 

Investigators20  have  demonstrated  a  relationship  be¬ 
tween  pitting  in  freshwater  copper  piping  and  gelatinous, 
polysaccharide-containing  biofilms  (Figure  59). The  fol¬ 
lowing  sections  provide  information  as  to  biofilm  removal 
and  staining  to  establish  the  presence  of  carbohydrates, 
polysaccharides,  proteins,  and  macromolecules 
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on  copper  surfaces.  Surface  films  can  be  removed  from 
sections  of  copper  tubing  or  pipes  by  immersion  in  25% 
nitric  acid  in  a  glass  Petri  dish.  Dissolution  of  the  corro¬ 
sion  products  detaches  organic  films  within  five  min. 
Floating  films  should  be  collected  using  a  glass  Pasteur 
pipet  and  transferred  to  microscope  slides  supported 
on  a  glass  rod,  bent  into  a  V  shape,  placed  in  a  glass 
Petri  dish.  Nitric  acid  carried  over  with  the  films  is  re¬ 
moved  by  repeated  careful  irrigation  with  distilled  water 
from  a  Pasteur  pipet  followed  by  removal  of  any  remain¬ 
ing  liquid  with  finely  pointed  sections  of  filter  paper.  The 
film  material  is  finally  dried  on  the  slide  either  on  a  slide 
warmer  or  in  a  40°C  (104°F)  oven. 

Staining  is  carried  out  with  slides  supported  horizon¬ 
tally  as  described  above.  Staining  solutions  are  deliv¬ 
ered  from  a  Pasteur  pipet  then  drained  by  tilting  the  slide, 
followed  by  repeated  rinsing.  Any  films  that  become 
detached  can  be  retrieved  and  refixed  to  the  slide  by 
drying.  Stained  samples  normally  are  mounted  in  water 
or  dilute  glycerol  with  a  cover  slip  for  examination.  Alter¬ 
natively,  if  a  permanent  preparation  is  to  be  made,  the 
slide-mounted  film  is  dehydrated  by  flooding  sequen¬ 
tially  with  50%,  70%,  90%,  95%,  and  absolute  ethanol 
without  allowing  the  specimens  to  dry  by  evaporation. 
The  slide  is  then  flooded  with  xylene  to  replace  the  etha¬ 
nol  and  mounted  with  a  glass  cover  slip. 

Periodic  Acid-Schiff  reagent  (PAS)  is  specific  for  car¬ 
bohydrates,  and  especially  polysaccharides: 

•  Preblock  aldehyde  groups  by  treating  for  1 0  min 
with  freshly  prepared  0.1  M  sodium  chlorite  in 
1  %  acetic  acid. 

•  Rinse  with  distilled  water  for  1  min. 

•  Oxidize  in  1  %  periodic  acid  for  1 0  min  and  no 
longer. 

•  Rinse  gently  with  distilled  water  for  5  min. 

•  Stain  with  Schiff’s  reagent  (commercially 
available)  for  5-1 0  min. 

•  Rinse  with  distilled  water  until  effluent  is 
colorless. 

•  Examine  in  water,  dilute  glycerol,  or  permanent 
mount. 

A  positive  reaction  shows  as  a  pink-magenta  colora¬ 
tion  (Figure  60a).  Alcian  blue/alcian  yellow  is  used  to 


FIGURE  60  -  Area  stained  for  polysaccharides  using 
(a)  PAS  reagent  and  (b)  alcian  blue/alcian  yellow. 
(Courtesy  A.H.L.  Chamberlain,  and  P.  Angell, 
University  of  Surrey.) 

detect  anionically  substituted  polysaccharides: 

•  Stain  for  30-60  min  in  0.5%  w/v  alcian  blue 
solution  in  1  M  hydrochloric  acid  (pH  1). 

•  Wash  briefly  in  1  M  hydrochloric  acid. 

•  Stain  for  30-60  min  in  0.5%  w/v  alcian  yellow  in 
acetic  acid  (pH  2.5). 

•  Wash  with  dilute  acetic  acid  (pH  2.5). 

•  Rinse  with  distilled  water. 

•  Examine  in  glycerol  or  permanent  mount. 

Polysaccharides  with  sulfate  groups  will  stain  blue; 
those  with  uronic  acid  (carboxyl)  groups  will  be  yellow; 
and  a  mixture  of  both,  green  (Figure  60b). 
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Toluidine  blue  is  used  to  detect  anionically  substituted 
macromolecules  and  polyphenols: 

•  Stain  for  15  sin  0.05%  toluidine  blue  O  in  0.1  M 
phosphate  buffer  (pH  5.6). 

•  Rinse  well  with  distilled  water  until  effluent  is 
colorless. 

•  Mount  in  water  and  observe  immediately.  Do 
not  use  glycerol.  Colors  are  not  stable. 

In  addition  to  a  blue  non-specific  stain,  toluidine  blue 
produces  pink-red  with  acidic  macromolecules,  and  a 
range  of  greens  from  turquoise  to  grass  green  with 
polyphenolic  compounds  such  as  humic  acids. 

Coomassie  blue  can  be  used  for  proteins. 

•  Stain  for  60  min  in  0.5%  w/v  Coomassie  blue  in 
a  solution  of  50  mL  methanol  +  70  mL  glacial 
acetic  acid  +  50  mL  distilled  water. 

•  Wash  well  in  distilled  water. 

•  Destain  overnight  at  room  temperature  in  a 
solution  of  5%  methanol,  7%  glacial  acetic  acid, 
and  88%  distilled  water. 

Proteins  remain  stained  a  deep  blue  color. 

There  is  no  interference  by  copper  ions  in  the  normal 
staining  reactions  of  the  polysaccharides  or  proteins. 
Since  25%  nitric  acid  slowly  attacks  the  glycosidic  bond, 
acid-detached  films  should  be  transferred  from  acid  as 
quickly  as  possible.  Ten  percent  citric  acid  can  be  used 
as  a  satisfactory  alternative  to  25%  nitric  acid,  although 
much  longer  times  are  required  to  detach  films  from 
copper  surfaces. 
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Some  elements  in  corrosion  deposits  are  indicative 
of  MIC.  On  carbon  steel  or  cast  iron,  tubercles  or  de¬ 
posits  associated  with  MIC  caused  by  SRB  usually  con¬ 
tain  moderately  high  levels  of  phosphorus  and  sulfur 
(Figure  61).  If  iron  or  manganese-related  bacteria  have 
caused  localized  pitting  under  a  deposit,  high  levels  of 
chlorine  can  be  expected  (Figure  6).  Mounds  associ- 


FIGURE  61  -  EDS  spectrum  of  tubercular  deposits 
on  carbon  steel. 

ated  with  subsurface  pitting  along  stainless  steel  welds 
contain  very  high  levels  of  iron,  chlorine,  and  manga¬ 
nese.  Pitting  in  copper-nickel  alloys  usually  is  accom¬ 
panied  by  dealloying  of  the  nickel.  In  70:30  Cu:Ni  alloys 
exposed  in  seawater,  MIC  pits  have  been  depleted  of 
nickel  and  enriched  in  copper  (Figures  62-65). 


FIGURE  64  (a,  b)  -  Pit  interiors  on  70:30  Cu:Ni 
showing  localization  of  copper-rich  areas. 
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FIGURE  62  -  Pits  on  70:30  Cu:Ni  after  removal  FIGURE  63  -  X40  magnification  of  the  pits  on 

of  biofilm,  XI 5  magnification.  70:30  Cu:Ni  after  removal  of  biofilm  (Figure  62). 


FIGURE  65  -  (right) 
EDS  elemental  spectra 
referring  to  sample  in 
Figures  62  and  63 
showing  (a)  general 
surface  of  70:30  Cu:Ni 
and  (b)  denickelifica- 
tion  in  pit  interiors. 
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The  most  popular  method  of  analyzing  deposits  is  SEM 
(See  page  31)  equipped  with  energy-dispersive  spec¬ 
troscopy  (EDS).  Samples  can  be  dried  and  examined 
directly  or  solids  can  be  fixed  in  glutaraldehyde  prior  to 
drying.  There  are  several  limitations  for  EDS  surface 
chemical  analyses.  Samples  for  EDS  cannot  be  evalu¬ 
ated  after  heavy  metal  coating;  therefore,  EDS  spectra 
must  be  collected  prior  to  SEM  imaging.  It  is  difficult  or 
impossible  to  match  EDS  spectra  with  exact  locations 
in  a  SEM  image.  Collecting  EDS  spectra  at  a  precise 
location  is  not  a  problem  with  ESEM  because  noncon¬ 
ducting  samples  can  be  imaged  directly,  meaning  that 
EDS  spectra  can  be  collected  from  an  area  being  pho¬ 
tographed.  Shortcomings  of  SEM/EDS  and  ESEM/EDS 
include  peak  overlap.  Peaks  for  sulfur  overlap  peaks  for 
molybdenum,  and  the  characteristic  peak  for  manga¬ 
nese  coincides  with  the  secondary  peak  for  chromium. 
Wavelength  dispersive  spectroscopy  can  be  used  to 
resolve  overlapping  EDS  peaks.  It  also  is  impossible  to 
determine  the  form  of  an  element  with  EDS.  For  example, 
a  high  sulfur  peak  may  indicate  sulfide,  sulfate,  or  el¬ 
emental  sulfur. 


Peak  heights  cannot  be  used  to  determine  the  con¬ 
centration  of  elements.  Under  ideal  conditions  —  pol¬ 
ished  specimen  with  external  standards  —  EDS  spec¬ 
tra  are  semiquantitative  and  can  be  used  only  to  deter¬ 
mine  approximate  elemental  concentrations.  Computer 
programs  are  available  for  qualitative,  standardless 
quantitative,  semi-quantitative,  and  quantitative  with  ex¬ 
ternal  standard  analyses  for  elemental  analyses.  In  quali¬ 
tative  analysis  the  program  filters  the  background 
searches  for  peaks,  and  identifies  elements  present  in 
the  spectrum.  In  standardless  semi-quantitative  analy¬ 
sis  a  computer  program  models  the  background  with  a 
matrix  correction  to  quantify  EDS  spectral  elements.  A 
standardless  quantitative  analysis  program  filters  the 
spectral  background,  uses  statistical  least  squares  curve 
fit  to  determine  net  peak  counts  and  matrix  correction 
to  quantify  elements  present.  Quantitative/standards 
analyses  compares  the  unknown  spectral  elements  to 
a  material  standards  reference  library  and  performs  sta¬ 
tistical  best  fit  tests  and  matrix  correction  to  determine 
peak  counts. 
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Because  microorganisms  change  rates  of  electrochemi¬ 
cal  reactions  leading  to  corrosion,  electrochemical  tech¬ 
niques  can  be  used  to  evaluate  MIC.  Electrochemical 
evaluations  can  range  from  mechanistic  studies  in  the 
laboratory  to  corrosion  monitoring  in  field  applications. 
Some  precautions  must  be  taken  with  MIC  experiments 
that  are  not  always  necessary  in  conventional  corro¬ 
sion  testing. 

For  example,  common  methods  of  accelerating  cor¬ 
rosion  reactions,  such  as  increasing  temperature  or  con¬ 
centration  of  aggressive  species,  cannot  be  used.  Both 
factors  must  be  maintained  within  relatively  tight  limits; 
otherwise,  unacceptable  changes  in  the  microbiology 
will  result. 

Conventional  anodic  or  cathodic  polarization  tech¬ 
niques  can  produce  misleading  information  because  the 
very  high  fields  produced  at  the  metal  surface  during 
polarization  are  incompatible  with  viable  microorgan¬ 
isms.  This  problem  does  not  occur  with  polarization  re¬ 
sistance,  electrochemical  impedance,  and  electrochemi¬ 
cal  noise  measurements,  for  which  only  very  small  po¬ 
tentials  and  currents  are  applied. 

MIC  is  a  localized  corrosion  process  that  depends  on 
a  spatial  relationship  between  microbes  and  metal  sub¬ 
strata.  Therefore,  electrochemical  tests  designed  to 
evaluate  uniform  corrosion  may  not  be  appropriate  for 
routine  MIC  testing. 

Most  electrochemical  techniques  give  average  read¬ 
ings  for  test  electrode  surfaces,  and  it  is  often  not  clear 
whether  a  measured  corrosion  current  corresponds  to 
uniform  corrosion  of  the  entire  surface  or  to  localized 


corrosion  of  just  a  few  sites  on  the  surface.  In  the  latter 
case,  corrosion  rates  will  be  underestimated  if  mea¬ 
sured  corrosion  loss  is  not  normalized  to  the  area  of 
localized  corrosion,  a  quantity  usually  unknown. 

Background  on  electrochemical  techniques  and  their 
use  in  the  study  of  corrosion  phenomena  can  be  found 
in  Corrosion  Testing  Made  Easy  -  Electrochemical  Test 
Methods.2'  In  the  following  sections,  electrochemical 
techniques  applied  specifically  to  MIC  will  be  discussed. 
Equipment  needed  for  the  performance  of  such  tests 
and  experimental  procedures  will  be  described  in  de¬ 
tail.  ASTM  standards  will  be  cited  if  available.  Repre¬ 
sentative  plots  and  examples  for  applications  will  be 
given  for  each  technique.  References  documenting  such 
applications  will  be  provided. 

Electrochemical  techniques  covered  in  this  section 
include  measurements  of  corrosion  potential  (EMrr),  re¬ 
duction-oxidation  (redox)  potential,  polarization  resis¬ 
tance  (Rp),  and  polarization  curves,  including  pitting 
scans.  The  zero  resistance  ammeter  (ZRA)  will  be  dis¬ 
cussed  in  detail  because  it  forms  the  basis  for  several 
devices  designed  to  detect  or  quantify  MIC.  Advan¬ 
tages  and  disadvantages  of  each  technique  will  be  pre¬ 
sented  with  special  emphasis  on  unique  requirements 
of  MIC  testing. 

Most  electrochemical  tests  require  a  potentiostat  and 
an  electrochemical  cell.  However,  open-circuit  poten¬ 
tial  measurements  may  be  performed  using  a  high-in- 
put  impedance  voltmeter  while  galvanic  current  and 
electrochemical  noise  measurements  may  be  carried 
out  using  a  ZRA  instead  of  a  potentiostat. 


These  are  required  for  routine  electrochemical  test¬ 
ing: 


test  electrode  or  working  electrode 
(Figures  66,  67); 

one  or  more  counter  electrodes  (Figure  67); 

reference  electrode  (Figure  67); 

test  cell  (Figures  67,  68); 

potentiostat  (Figure  69);  and 

recording  device  (strip  chart  or  X-Y  recorder) 
(Figure  70). 


_ Microbiologlcally  Influenced  Corrosion 

These  are  optional  for  electrochemical  testing: 

•  high  impedance  voltmeter  for  monitoring 
potential  and  current, 

•  computer  with  software  program  and  plotter 
(replacing  recording  devices), 

•  compressed  gas  tank  with  nitrogen,  argon,  or 
another  gas  to  deaerate  solutions, 

•  constant  temperature  bath  with  a  thermostat. 
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FIGURE  66  -  Test  electrodes  and  electrode  holders  (a)  cylindrical  and  (b)  flat  disk  or  sheet  electrodes.22 
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FIGURE  67  -  Test  cells  for  electrochemical  experi¬ 
ments:  (a)  custom  design22  and  (b)  commercially 
available.  (Courtesy  of  EG  &  G  Princeton  Ap¬ 
plied  Research.) 


FIGURE  68  -  Test  cell  for  flat  sheet  electrodes.  CE  =  counter  electrode  WE  =  working  electrode  RE  =  reference 
electrode. 


FIGURE  69  -  Example  of  a  commercially  available  potentiostat.  — 

(Courtesy  of  EG  &  G  Princeton  Applied  Research.)  1* 
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Abbreviations 

These  abbreviations  will  be  used  consistently  throughout  this  1 

text  and  are  provided  for  cross  referencing. 

Each  will  be  defined  the  first  time  it  is  used  in  the  text. 

Ac/Aa 

ratio  of  cathode  area  to  anode  area 

IR. 

potential  difference  between  dissimilar 
electrodes  in  galvanic  couple 

B 

calculated  parameter  related  to  Tafel  slopes 

IR. 

ohmic  drop 

b 

anodic  Tafel  slope 

a 

M 

mean 

b 

cathodic  Tafel  slope 

rotation  speed 

c 

r 

c 

capacitance 

Rc 

resistance  of  electrolyte  between  test  and 

E 

potential 

counter  electrodes 

^appl 

applied  potential 

redox 

reduction-oxidation  potential 

^corr 

open-circuit  or  corrosion  potential 

Rm 

resistance  of  measuring  resistor 

Eort 

pitting  potential 

polarization  resistance 

pit 

Rp 

E, 

final  potential 

Roexo 

experimental  R„ 

Es 

starting  potential 

P.exp 

test  potential 

R. 

resistance  of  electrolyte  between  test  elec¬ 

^test 

GPIB 

trode  and  Luggin  tip  of  reference  electrode 

saturated  calomel  reference  electrode 

General  Purpose  Interface  Bus 

SCE 

1 

current 

SD,  o 

standard  deviation 

i 

current  density 

corrosion  current  density 

SE 

standard  error 

^corr 

1 

current  required  to  maintain  zero  potential 

t 

time 

9 

between  dissimilar  electrodes  in  galvanic 
couple 

vc 

cell  voltage 

i a 

g 

galvanic  current  density  at  anode  (lg/Aa) 

V 

9 

potential  of  galvanic  couple 

galvanic  current  density  at  cathode  (lg/Ac) 

V, 

output  voltage 

ZRA 

zero  resistance  ammeter 

Basic  Instrumentation _ 

Figure  71  shows  a  typical  arrangement 
for  the  application  of  electrochemical  tech¬ 
niques  in  studies  of  MIC.  The  potentiostat 
connected  to  the  test  cell  is  controlled  by  a 
computer  with  suitable  software.  Data  can 
be  printed  and/or  displayed  using  software 
designed  for  data  analysis.21 

In  a  potentiostatic  experiment,  a  poten- 
tial  (EaPPi) is  applied  between  the  reference 
and  working  electrodes.  The  working  elec¬ 
trode  is  at  virtual  ground.  The  sign  of  the 
potential  displayed  on  the  potentiostat  front 
panel  is  usually  that  of  the  reference  elec¬ 
trode  vs  ground  which  is  equal  in  magni¬ 
tude  to,  but  opposite  in  sign  of,  the  poten¬ 
tial  of  the  working  electrode.  This  often 
leads  to  confusion  concerning  the  sign  of 
the  measured  potential.  The  instruction 
manual  for  each  potentiostat  should  be 
consulted  regarding  this  points  Current 
flows  between  the  counter  electrode  and 
working  electrode  and  is  usually  displayed 
with  a  positive  sign  for  an  anodic  current. 
A  simple  test  can  be  carried  out  using  a 
zinc  working  electrode,  which  has  a  very 
negative  corrosion  potential  (EMrr)  vs  any 
common  reference  electrode,  such  as  the 
saturated  calomel  electrode  (SCE);  a  nega¬ 
tive  (cathodic)  current  is  recorded  when  the 
applied  potential  (Eappl)  is  more  negative 
than  E^for  the  zinc  electrode. 

Minimum  requirements  for  a 
potentiostatic  test  are  a  test  cell  (Figures' 
67, 68)  with  working,  reference,  and  counter 
electrode(s);  a  potentiostat;  and  recording 
device(s).  Potential  and  current  can  be 
monitored  using  voltmeters,  although  this 
is  also  possible  with  built-in  instruments  in 
the  potentiostat.  Most  polarization  experi¬ 
ments  are  carried  out  using  software  sup¬ 
plied  by  the  instrument  manufacturer  or 
from  other  commercial  sources.  Experi¬ 
mental  data  can  be  stored  on  floppy  disks 
and  analyzed  with  this  software. 

The  working  electrode  can  have  various 
shapes  including  cylindrical  or  flat  disk  (Fig 


FIGURE  71  -  Experimental  arrangement  for  application  of  elec- 
trochemical  techniques. 


u re  66).  The  availability  of  a  material  as  rod  or  sheet  often  deter¬ 
mines  the  shape  of  the  electrode.  When  a  cylinder  is  used,  one 
cylinder  end  surface  is  often  exposed  along  with  the  curved  sur¬ 
face.  In  this  case,  edge  effects  can  cause  varied  current  distribu¬ 
tion  along  the  working  electrode  surface.  Metallurgical  properties 
also  may  be  different  for  sides  and  bottoms  of  cylinders.  Fewer 
problems  occur  with  flat  disks.  Little  attention  is  usually  paid  to  the 
size  of  the  electrode,  with  1  cm2  being  a  common  test  area.  How¬ 
ever,  a  much  larger  size  is  useful  when  very  small  currents  have  to 
be  measured.  Smaller  electrodes  are  useful  when  large  currents 
flow  in  the  system  because  the  error  due  to  the  ohmic  drop  (voltage 
drop  between  reference  and  working  electrodes  due  to  solution  re¬ 
sistance)  will  be  less  when  small  electrodes  are  used.  The  working 
electrode  is  held  in  an  electrode  holder,  which  incorporates  the  lead 
from  the  electrode  to  the  potentiostat.  Details  of  the  construction  of 
electrode  holders  appear  in  Corrosion  Testing  Made  Easy -  Electro¬ 
chemical  Test  Methods 21  and  will  not  be  repeated  here.  It  is  impor¬ 
tant  that  only  glass,  Teflon™,  or  other  nonmetallic  components  of 
the  electrode  holder  are  exposed  in  the  test  solution. 

In  neutral,  aerated  solutions,  the  cathodic  reaction  (reduction  of 
oxygen)  is  usually  under  mass  transport  control.  In  this  case,  the 
electrochemical  experiment  should  be  carried  out  under  controlled 
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hydrodynamic  conditions  achieved,  for  instance,  through 
the  use  of  a  rotating  disk  electrode  (Figure  72  a)  or 
rotating  cylindrical  electrode  (Figure  72  b).The  rotating 
cylindrical  electrode  in  which  only  the  sides  of  the  cylin¬ 
der  are  exposed  to  the  solution  is  preferred  for  corro¬ 
sion  studies  since  it  provides  very  good  current  distri¬ 
bution.  Polarization  curves  may  be  obtained  at  a  con¬ 
stant  rotation  speed  or  as  a  function  of  rotation  speed 
in  studies  when  details  of  diffusion-controlled  cathodic 
(reduction)  reactions  are  required. 

Counter  electrodes  should  have  good  electrical  con¬ 
ductivity  and  should  not  dissolve  in  the  test  solution  as 
a  result  of  current  flow.  Platinum  or  graphite  counter 
electrodes  are  used  in  most  experiments.  The  counter 
electrode  usually  is  much  larger  than  the  working  elec¬ 
trode  to  reduce  current  density  at  the  counter  electrode 
and  resulting  buildup  of  reaction  products.  To  avoid 
contamination  by  reaction  products  such  as  hydrogen, 
oxygen,  or  chlorides,  counter  electrodes  frequently  are 
placed  in  a  separate  compartment  with  a  glass  frit  sepa¬ 
rating  this  compartment  from  the  main  cell. 

The  saturated  calomel  reference  electrode  (SCE)  is 
the  most  common  reference  electrode  used  in  corro¬ 
sion  reaction  studies  because  of  stability  and  commer¬ 
cial  availability.  The  SCE  or  Hg/Hg2CI2  electrode  is  a 
mercury  electrode  in  contact  with  a  specific  mercury 
ion  concentration  controlled  by  the  concentration  (com¬ 
monly  saturated)  of  potassium  chloride  (KCI)  in  satu¬ 
rated  mercurous  chloride.  Care  must  be  taken  to  avoid 
contamination  of  the  test  electrolyte  by  leakage  of 
chloride  ions  (Cl-)  from  a  SCE  when  tests  are  carried 
out  in  chloride-free  test  solutions.  A  mercury-mercurous 
oxide  (Hg/HgO)  reference  electrode  may  be  used  when 
Cl-  contamination  is  not  acceptable.  Other  reference 
electrodes  include  the  silver/silver  chloride  (Ag/AgCI) 
and  copper/copper  sulfate  (Cu/CuS04)  electrodes.  It  is 
important  to  always  specify  the  type  of  reference  elec¬ 
trode  used  when  reporting  electrochemical  data.  A 
Luggin  probe  is  used  to  minimize  the  ohmic  drop  (IRS) 
between  the  working  electrode  and  the  reference  elec¬ 
trode  (Figure  67). 

Several  reference  electrodes  should  be  maintained 
together  with  one  master  reference  electrode  that  is 
not  used  in  actual  tests.  Reference  electrodes  should 
be  checked  against  the  master  reference  electrode 
before  use  by  measuring  the  potential  difference  be¬ 
tween  the  two  electrodes  using  a  high  input  impedance 
voltmeter.  The  potential  difference  should  be  less  than 


FIGURE  72  -  (a)  Rotating  disk  and  (b)  cylindrical 

electrodes.22 

2-3  mV.  This  precautionary  measure  is  especially  im¬ 
portant  in  MIC  studies  where  biofilms  can  interfere  with 
proper  reference  electrode  functioning.  If  a  larger  po¬ 
tential  difference  is  found,  the  reference  electrode 
should  be  reconditioned  according  to  manufacturer’s 
instructions.  Electrodes  still  showing  a  large  potential 
difference  after  this  procedure  should  be  discarded. 

Design  details  of  the  test  cell  can  be  complicated  for 
studies  in  deaerated  solutions  with  constant  tempera¬ 
ture  control  or  they  can  be  very  simple  in  tests  with 
oxygenated  solutions  at  room  temperature. Three-com¬ 
partment  cells  (Figure  67)  can  be  used  in  the  first  case 
while  an  open  beaker  gives  satisfactory  results  in  the 
second  case.  For  larger  sheet  electrodes,  such  as  those 
used  in  evaluation  of  electrodes  with  polymer  coatings 
or  anodic  films,  the  simple  cell  with  the  flat  sample  ex¬ 
posed  horizontally  as  shown  in  Figure  68  can  be  used. 
Important  points  to  consider  in  assembly  of  a  test  cell 
are  correct  placement  of  the  Luggin  probe  for  minimi¬ 
zation  of  the  ohmic  drop  and  the  counter  electrode(s) 
for  satisfactory  current  distribution.  Test  solutions  are 
deaerated  by  bubbling  high  purity  nitrogen  or  argon 
through  the  test  cell. 

Requirements  of  a  potentiostat  (Figure  69)  are  dis¬ 
cussed  elsewhere  in  detail.21  For  studies  of  MIC,  the 
available  range  of  Eappl  should  be  ±  2  V,  and  the  current 
capability  should  be  ±  1  A.  Maximum  cell  voltage  should 
be  about  60  V.  Voltage  outputs  should  be  provided  for 
monitoring  potential  and  current.  For  most  studies  of 
MIC,  only  small  to  moderate  currents  will  be  observed, 
and  the  ohmic  drop  probably  will  not  cause  major 
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errors  in  the  measurement.  Experiments  may  be  con¬ 
ducted  under  computer  control,  in  which  case  both  the 
program  used  to  perform  the  test  and  the  test  results 
can  be  stored. 

Potential  and  current  values  usually  are  displayed  on 
the- front  panel  of  the  potentiostat.  Often,  only  one  of 
these  parameters  can  be  read  at  a  given  time.  It  is  some¬ 
times  convenient  to  observe  both  values  on  separate 
voltmeters,  especially  when  meters  with  a  digital  dis¬ 
play  are  used.  When  the  electrode  potential  is  mea¬ 
sured  directly  rather  than  from  the  potential  output  of 
the  potentiostat,  a  high-input  impedance  voltmeter  is 
required  to  prevent  current  flow  and  polarization  of  the 
working  and  reference  electrodes. 

Potentials  can  be  recorded  on  a  strip  chart  recorder 
(Figure  70)  using  the  voltmeter  output.  Input  imped¬ 
ance  of  the  recorder  is  not  important  in  this  case.  How¬ 
ever,  direct  connection  of  a  recorder  to  the  reference 
electrode  and  working  electrode  should  be  avoided  since 
the  input  impedance  of  most  recorders  is  quite  low. 
Recording  current  vs  time  curves  at  a  fixed  Ea  ,  re¬ 
quires  a  strip  chart  recorder.  Current  output,  provided 
in  the  potentiostat  as  voltage  vs  ground,  is  connected 
to  the  recorder  with  appropriate  settings  of  current  range 
on  the  potentiostat  and  voltage  range  on  the  recorder. 
A  strip  chart  or  an  X-Y  recorder  can  be  used  to  record 
current  vs  time  curves  when  stepped  potentials  are 
applied  in  the  anodic  or  cathodic  direction.  When  an  X- 
Y  recorder  is  used,  the  current  output  is  connected  to 
the  Y-axis  and  the  X-axis  is  set  to  a  time  scale  appro¬ 
priate  for  the  time  used  for  each  potential  step. 

It  is  convenient  and  time-saving  to  use  a  software 
program  to  record  polarization  data.  Most  commercial 
software  programs  contain  a  number  of  electrochemi¬ 
cal  tests  and  require  only  a  few  inputs  to  be  provided 
by  the  user.  Default  values  usually  are  included  in  the 
program,  and  the  user  can  input  desired  parameters. 
For  current  vs  time  measurements  at  Eappl ,  inputs  will 
be  ^appi  anc*  t'me'  Additional  inputs  are  software  spe¬ 
cific.  Current  vs  time  curves  will  be  displayed  on  the 
computer  screen  with  a  current  scale  selected  by  the 
program. 

After  the  test  is  completed,  current  vs  time  curves 
can  be  reformatted  into  more  convenient  scales. 
Steady-state  current  vs  Eapp|  techniques,  in  which  the 
current  is  measured  as  a  function  of  time  at  each  E  , 
require  additional  inputs,  including  starting  and  final 


potentials,  potential  step  height,  and  time.  Sometimes 
the  test  electrode  is  held  at  a  preconditioning  potential 
for  a  certain  period  before  the  test  is  started.  A  con¬ 
stant  temperature  bath  or  a  heating/cooling  jacket  can 
be  placed  around  the  test  cell  to  carefully  control  tem¬ 
peratures. 


Potentiostatic  Techniques _ 

Experimental  techniques  described  in  this  section  and 
in  the  following  Potentiodynamic  Techniques  sections 
differ  in  signal  magnitude  applied  to  the  working  elec¬ 
trode.  When  measuring  Eporrvs  time,  no  external  signal 
is  applied.  In  a  polarization  resistance  (R  )  test,  a  sig¬ 
nal  is  applied  that  is  small  enough  to  ensure  a  linear 
relation  between  potential  and  current.  Since  no,  or  only 
small,  signals  are  applied,  E^  and  Rp  tests  are  essen¬ 
tially  non-destructive,  and  many  tests  can  be  performed 
with  the  same  working  electrode  to  evaluate  effects  of 
exposure  time  or  other  test  parameters.  Polarization 
curves  usually  are  recorded  over  a  wide  potential  range. 
Since  large  potential  and  currents  are  applied,  the  work¬ 
ing  electrode  surface  can  be  altered  and  the  test  usu¬ 
ally  cannot  be  repeated  with  the  same  working  elec¬ 
trode. 

Two  commonly  used  potentiostatic  techniques  involve 
measuring  current  vs  time  at  a  controlled  value  of  E 
and  steady-state  current  vs  Eappl .  Experimental  proce¬ 
dures  for  the  two  tests  require  the  same  types  of  elec¬ 
trodes  and  test  cells.  In  measurements  of  steady-state 
current  vs  Eapp| ,  a  series  of  potential  steps  is  applied, 
requiring  changes  of  E  “by  hand,”  and  periodic  ad¬ 
justment  of  the  sensitivity  of  the  current-measuring 
device  in  the  potentiostat  and  the  current  scale  of  the 
recorder. 

The  procedure  is  greatly  simplified  if  appropriate 
software  is  used  and  the  experiment  is  carried  out  un¬ 
der  computer  control.  Current  vs  time  at  Eappl  data  pro¬ 
vides  information  about  the  time  dependence  of  the  rate 
of  an  electrochemical  reaction  at  a  given  potential.  This 
test  is  useful  in  MIC  studies  to  determine  the  effect  of 
additives  to  the  test  solution  on  polarization  behavior 
or  initiation  time  of  localized  corrosion.  Data  are  used 
to  construct  a  polarization  curve,  usually  plotted  as  E 
vs  the  logarithm  of  the  measured  current  density  (if. 
Polarization  curves  also  can  be  obtained  with  the 
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potentiodynamic  technique  discussed  below. 

ASTM  G5,  “Standard  Reference  Test  Method  for  Mak¬ 
ing  Potentiostatic  and  Potentiodynamic  Anodic  Polar¬ 
ization  Measurements,”  is  used  internationally,The  test 
method  describes  procedures  for  checking  experimen¬ 
tal  techniques  and  instrumentation.  If  followed  using 
ASTM  type  430  stainless  steel  (UNS  S43000)  in  1 .0  N 
sulfuric  acid  (H2S04),  the  method  provides  the  repro¬ 
ducible  polarization  curves  shown  in  ASTM  G5-94.  If 
discrepancies  are  found,  the  experiment  has  not  been 
performed  correctly  or  the  equipment  is  not  working 
correctly. 

A  complete  polarization  curve  consists  of  cathodic 
and  anodic  parts.  The  cathodic  portion  of  the  polariza¬ 
tion  curve  contains  information  concerning  the  kinetics 
of  the  reduction  reaction(s)  for  a  particular  system. 
Depending  on  the  solution  composition,  a  mass-trans¬ 
port  controlled  region  can  be  reached  at  negative  po¬ 
tentials  where  the  reaction  rate  depends  only  on  solu¬ 
tion  composition  and  hydrodynamic  conditions.  Features 
of  the  anodic  part  of  the  polarization  curve  strongly 
depend  on  the  metal/electrolyte  system.  Usually,  a 
charge  transfer-controlled  region  occurs  at  potentials 
close  to  Ecorr.  Some  metals  and  alloys  such  as  stain¬ 
less  steels  may  be  in  an  active  state  close  to  E  ,  but 
then  will  show  an  active-passive  transition  followed  by 
a  passive  region  and  the  region  of  oxygen  evolution  at 
highest  applied  potentials.  For  those  metals  suscep¬ 
tible  to  localized  corrosion,  a  large  increase  in  current 
will  occur  in  the  passive  region  when  the  pitting  poten¬ 
tial  (Epit)  has  been  exceeded.  ASTM  G3-89,  “Standard 
Practice  for  Conventions  Applicable  to  Electrochemi¬ 
cal  Measurements  in  Corrosion  Testing,”  provides  con¬ 
ventions  for  reporting  and  displaying  electrochemical 
data  and  contains  theoretical  and  experimental  polar¬ 
ization  curves. 

In  general,  only  qualitative  information,  such  as 
changes  in  the  polarization  characteristics  in  the  pas¬ 
sive  region  or  changes  of  Epjt  due  to  the  presence  of 
microorganisms,  is  extracted  from  a  full  polarization 
curve.  However,  it  is  possible  to  determine  quantitative 
information  related  to  corrosion  reaction  kinetics  and 
corrosion  rate. 

The  relationship  between  E  .  and  i  in  the  Tafel  re- 
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gion  is  given  by: 


LOG  CURRENT 


FIGURE  73  -  Schematic  Tafel  plot. 

(Courtesy  of  EG  &  G  Princeton  Applied  Research, 

Princeton,  NJ) 

Eaopl  =  Eccrr  +  ba  l09  (W.J  (7a) 

for  the  anodic  polarization  curve,  and 

Eappi^corr-bc'OgO/'corr)  (7b) 

for  the  cathodic  polarization  curve. 

Plots  of  Eapp|  vs  log  i  are  called  Tafel  plots  (Figure  73). 
In  Equations  7a  and  7b,  the  anodicTafel  slope  (ba)  and 
the  cathodic  Tafel  slope  (bc )  are  positive  numbers.  Cor¬ 
rosion  current  density  (icprr)  can  be  determined  accord¬ 
ing  to  Equation  7  (a  and  b)  by  extrapolation  of  the  Tafel 
lines  to  Eappl  =  Ecprr,  where  i  =  icorr .  This  method  of  ob¬ 
taining  iporr  is  called  the  Tafel  extrapolation  method.  It  is 
possible  to  determine  i^  from  either  anodic  or  cathodic 
Tafel  plots  or  from  the  intersection  of  both  plots.  It  is 
advantageous  to  use  computer  software  to  record  po¬ 
larization  curves  and  analyze  experimental  data  in  terms 
of  b  ,  b  .  and  i  .  From  the  numerical  values  of  b  and 

a  c  corr  a 

bp,  conclusions  concerning  the  rate-determining  step  in 
the  reaction  mechanism  can  be  made.  From  i  ,  the 
corrosion  rate  can  be  calculated  using  Faraday's  Law.23 


The  following  calculations  are  adapted  from  EG  &  G 
Princeton  Applied  Research  Model  350A  Corrosion 
Measurement  System  Manual  (1980). 

According  to  Faraday’s  Law: 

Q  =  nFW 
M 

where  Q=  coulombs 

n  =  number  of  electrons  involved  in 

the  electrochemical  reaction 
F  =  the  Faraday  (96,487  coulombs) 

W  =  weight  loss  of  electroactive  species 
M=  molecular  weight  of  electroactive 

species 

From  Faraday’s  Law,  W  =  QM/nF 

Since  equivalent  weight  (EW)  =  M/n 

W  =  QxEW 
F 

and  since  Q  =  It  from  Faraday’s  Law 

W  =  It  (EW) 

F 

rearranging  gives 

W/t  =_L(EW) 

F 

W/t  is  the  corrosion  rate  (CR)  in  grams/second.  It  is 
convenient  and  traditional  to  express  CR  as  microme¬ 
ters  per  year  (pm  y1).  These  units  provide  an  indica¬ 
tion  of  penetration,  assuming  uniform  corrosion. 

Dividing  the  above  equation  by  the  electrode  area 
(A)  and  the  density  (d)  gives 

CR  (cm  s'1)  =  l(EW)/dFA 

After  converting  seconds  to  years,  centimeters  to 
micrometers,  and  the  Faraday  (amp-sec/eq)  to 
microamps,  this  becomes 

CR  (pm  y1)  =  KEW1  x  31 .5  x  IQ6  x  103 
dFA  x  2.5  x  106 

Expressing  the  terms  I/A  as  current  density  and  com¬ 
bining  all  constants  gives  the  following  equation  that 
can  be  used  to  calculate  corrosion  rate  directly  from 

^COfr  * 


CR  (pm  y1)  =  3.27  icorr(EW) 
d 

where  Lr  =  corrosion  current  density,  pA  cm'2 
EW  =  equivalent  weight  of  the  corroding 
species,  g 

d  =  density  of  the  corroding  species, 
g  cm  3 

(Note:  A  helpful  rule  of  thumb  to  electrochemists: 
1.0:  pA  crrr:  =  approximately  10  pm  y1.) 

ASTM  G  102-89,  “Standard  Practice  for  Calculation 
of  Corrosion  Rates  and  Related  Information  from  Elec¬ 
trochemical  Measurements,”  also  provides  guidance  in 
converting  results  of  electrochemical  measurements  to 
rates  of  uniform  corrosion. 

The  equivalent  circuit  for  a  three-electrode  cell  is 
shown  in  Figure  74,  where  Rp  is  the  polarization  resis¬ 
tance  of  the  test  electrode  and  C  is  its  capacitance.  R 
is  the  resistance  of  the  electrolyte  between  the  surface 
of  the  test  electrode  and  the  tip  of  the  Luggin  probe 
containing  the  reference  electrode,  and  Rc  is  the  resis¬ 
tance  of  the  electrolyte  between  the  test  electrode  and 
the  counter  electrode.  Eappl  appears  across  R  +  Rs  and 
always  includes  an  ohmic  drop  (IRs),  where  I  is  theS cur¬ 
rent  flowing  as  a  result  of  polarization.  IRs  is  an  error  in 
the  measurement  because  E^set  at  the  potentiostat 
will  differ  from  the  true  electrode  potential  by  IRs.  In 
many  cases,  where  electrolytes  with  reasonable  con¬ 
ductivity  are  used  and  IRc  is  small  compared  to  E  , 
this  error  can  be  neglected.  In  other  cases,  it  can  be 
eliminated  by  the  positive  feedback  or  interrupter  tech¬ 
niques  available  in  most  modern  potentiostats. 


FIGURE  74  -  Dummy  cell  for  testing  potentiostat. 


Electrochemical  Testing 


Potentiostatic  Current  vs 
Time  at  Applied  Potential 

The  experimental  procedure  for  potentiostatic  cur¬ 
rent  vs  time  at  Eapp|  measurements  requires  some  elec¬ 
trode  pretreatment.  Working,  counter,  and  reference 
electrodes  have  to  be  prepared  or  checked  before  the 
test  is  started.  The  procedure  for  checking  reference 
electrodes  has  been  described.  Usually,  counter  elec¬ 
trodes  only  require  degreasing  to  remove  organic  mat¬ 
ter,  oil,  and  grease.  However,  if  deposits  of  corrosion 
products  or  other  solution  components  from  a  previous 
test  are  detected,  a  descaling  process  and/or  polishing 
should  precede  the  degreasing  step.21 


=  1,000  mV  /  (Rs  +  R  )  = 

1,000  mV /1 ,010  ohm  =  990  pA.  (8) 

The  potential  should  then  be  reversed  (-1,000  mV) 
and  the  same  current  with  a  negative  sign  should  be 
registered.  This  procedure  can  be  repeated  with  differ¬ 
ent  potentials,  i.e.,  100  mV  and  10  mV,  to  test  the 
potentiostat  at  different  current  levels.  The  sensitivity 
range  at  which  current  is  measured  also  can  be 
changed  to  further  check  the  unit. 

It  also  is  possible  to  determine  the  voltage  drop  across 
Rs  +  Rp,  which  should  be  equal  to  the  applied  voltage, 
and  that  across  Rs  +  Rp  +R_,  which  corresponds  to  the 
cell  voltage  (V  )  given  by 


Pretreatment  of  the  working  electrode  also  starts  with 
a  degreasing  process.  Immersion  in  hot  hexanes  for 
several  minutes  produces  satisfactory  results.  The  next 
step  consists  of  a  polishing  procedure  unless  the  as- 
received  electrode  is  to  be  used  without  disturbance  of 
the  surface.  If  necessary,  very  smooth  surfaces  can  be 
obtained  by  a  final  polish  with  diamond  paste  or  by 
electropolishing.  Cylindrical  electrodes  can  be  mounted 
on  a  suitable  stud  and  placed  into  a  drill  press  for  pol¬ 
ishing.  Additional  treatments  may  include  degreasing 
and  etching  in  a  pickling  or  milling  solution  to  remove 
surface  oxides  and/or  to  produce  a  smooth  surface. 

The  test  cell  and  glassware  need  to  be  cleaned  peri¬ 
odically  with  appropriate  solutions  to  remove  organic 
matter  and  deposits  from  previous  tests.  When  the  test 
is  to  be  performed  in  an  oxygen-free  environment,  the 
electrolyte  is  first  deaerated  in  the  absence  of  the  work¬ 
ing  electrode  by  plugging  the  port  for  the  working  elec¬ 
trode  with  a  stopper  and  purging  as  necessary.  Gas 
purging  should  be  continued  throughout  the  test.  If  the 
test  is  to  be  carried  out  at  a  constant  temperature,  the 
cell  needs  to  be  placed  in  a  constant  temperature  bath 
or  heating  jacket.  After  the  constant  test  temperature 
is  reached,  the  working  electrode  can  be  inserted. 

The  potentiostat  needs  to  be  tested  periodically  and 
at  any  time  when  problems  with  the  measurement  oc¬ 
cur.  This  can  be  done  using  a  dummy  cell  (Figure  74). 
Suitable  values  are  Rs  =  1 0  ohm,  Rp  =  1 ,000  ohm,  R  = 
100  ohm,  and  C  =  10  pF.  Precision  resistors  and  ca¬ 
pacitors  (1%)  must  be  used.  The  leads  from  the 
potentiostat  should  be  connected  to  the  dummy  ceil  as 
in  Figure  74.  If  a  potential  of  +1,000  mV  is  applied  by 
the  potentiostat,  the  current  reading  should  be: 


V  =  I  (  Rs  +  Rp  +  Rc)  =  1 ,099  mV  (9) 

The  low  (or  grounded)  lead  of  the  voltmeter  has  to  be 
connected  to  the  same  point  on  the  dummy  cell  as  the 
working  electrode  lead.  If  deviations  of  measured  po¬ 
tentials  or  currents  from  the  correct  values  exceed  2%, 
the  unit  needs  to  be  calibrated  before  tests  are  per¬ 
formed. 

When  the  test  cell  has  been  assembled,  electrodes 
can  be  connected  to  the  potentiostat  (Figure  71).  Some¬ 
times  electrode  leads  are  color  coded  for  identification. 
In  most  cases,  Epprr  is  monitored  before  starting  tests 
by  observing  the  potential  on  the  built-in  meter  or  ex¬ 
ternal  voltmeter.  When  EMrr  has  reached  a  reasonably 
stable  value,  the  potential  can  be  applied  and  the  cor¬ 
responding  current  measured.  Alternatively,  a  precon¬ 
ditioning  potential  can  be  applied  for  a  certain  time  or 
until  the  current  at  this  potential  becomes  constant. 

The  test  is  started  by  applying  the  test  potential  (E  ) 
and  monitoring  current.  A  relatively  high  current  scale 
needs  to  be  used  first  to  avoid  potentiostat  overload.  A 
few  seconds  after  Etest  has  been  applied,  the  current 
scale  can  be  reduced  stepwise  until  a  scale  is  reached 
for  which  the  current  output  voltage  is  between  0  and  1 
V.  It  is  convenient  to  leave  the  potential  scale  on  the 
strip-chart  recorder  fixed  at  1  V  full  scale  unless  very 
accurate  resolution  of  the  current  measurement  is  de¬ 
sired.  The  time  axis  of  the  recorder  needs  to  be  set  to  a 
value  reasonable  for  the  time  for  which  the  potential 
step  is  applied.  If  this  time  is  only  a  few  minutes,  a  fast 
speed  is  needed;  otherwise,  the  chart  speed  can  be 
much  slower. 

Often,  a  series  of  potential  steps  is  applied  to  the 
same  test  electrode.  This  would  be  the  case  in  a  test  in 
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(a) 


FIGURE  75  -  Current  transients  at  constant  applied  p 

0.01  M  NaCI  +  0.05  M  citric  acid;  applied  potentials:  -i 
(curve  c).24 


which  Epjt  is  determined  to  be  the  potential  (E)  at  which 
the  anodic  current  increases  after  application  of  the  po¬ 
tential  step,  e.g.,  E  >  Epit.  When  the  experiment  is  per¬ 
formed  under  computer  control,  the  value  of  E  ,  mag¬ 
nitude  of  each  and  time  at  each  potential  step,  and 
number  of  data  points  per  second  might  have  to  be 
entered.  The  experiment  will  then  be  performed  as  pro¬ 
grammed  and  the  current-time  plot  will  be  displayed  on 
the  computer  screen.  After  reformatting  data,  a  print¬ 
out  of  the  current  vs  time  curve  can  be  obtained. 

Videla  determined  E  =  -0.55  V  vs  SCE  in  the 
potentiostatic  mode  in  a  study  of  the  effect  of  fungal 
growth  on  the  electrochemical  behavior  of  aluminum.24 
Current  transients  at  applied  potentials  were  compared 
for  2024  aluminum  in  0.01  M  NaCI  and  in  0.01  M  NaCI 
+  0.05  M  citric  acid  (pH  =  2.5),  a  fungal  metabolite.  At 
potentials  more  positive  than  -0.50  V,  the  current  in¬ 
creased  continuously  after  an  induction  time  in  NaCI 
(Figure  75a)  and  Epit  was  determined  as  -0.50  V.  Induc¬ 
tion  times  were  shorter  in  the  acidified  solution,  and 
larger  currents  were  recorded  at  the  same  E  (Figure 


75b).  In  this  case,  Epit  was  determined  as  -0.55  V.  The 
author  concluded  that  Cladosporium  resinae  plays  an 
active  role  in  the  electrochemical  behavior  of  2024  alu¬ 
minum.  Since  the  decrease  of  E  was  larger  in  fungal 
cultures  of  Cladosporium  resinae  than  that  observed 
in  citric  acid  solutions  at  similar  pH  and  Cl-  levels 
(Figure  75  b),  it  was  assumed  that  other  fungal  me¬ 
tabolites  participate  in  the  pitting  process. 

Steady-State  Current  vs  E 

appl 

The  procedure  described  above  is  the  same  when  a 
series  of  potential  steps  are  applied  in  a  potentiostatic 
test.  Start  the  anodic  polarization  test  by  applying  the 
first  potential  10  mV  to  50  mV  more  positive  than  E 
After  the  current  (recorded  continuously  throughout  the 
test  on  a  strip-chart  recorder)  has  reached  a  steady- 
state  value  or  after  a  predetermined  time,  E  is  in¬ 
creased  to  the  next  value  and  the  current  recorded.  As 
increasing  values  of  Eappl  are  used,  it  will  become  nec¬ 
essary  to  switch  to  less  sensitive  current  scales.  After 
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the  current  at  the  final  E  ,  value 

appl 

has  been  recorded,  the  polarization 
curve  (Eapp|  vs  log  i )  can  be  plotted 
using  final  values  of  current  at  each 
potential  and  converting  it  to  cur¬ 
rent  density.  Figure  76  shows  the 
typical  standard  potentiostatic  an¬ 
odic  polarization  plot  for  type  430 
stainless  steel  (UNS  S43000)  in  1 .0 
N  sulfuric  acid  (H2S04)  at  30°C.  Po¬ 
larization  curves  performed  accord¬ 
ing  to  ASTM  G5  ("Standard  Refer¬ 
ence  Test  Method  for  Making 
Potentiostatic  and  Potentiodynamic 
Anodic  Polarization  Measure¬ 
ments'1)  with  the  standard  ASTM 
sample  will  fall  within  the  scatter 
band  shown  in  Figure  76  if  the  in¬ 
strumentation  is  properly  calibrated 
and  testing  is  performed  correctly. 


Potentiodynamic 
Techniques _ 

Potentiodynamic  polarization  can 
be  obtained  as  a  single  sweep,  i.e. 
EapPi is  increased  at  a  constant  scan 
rate  (dEapp/dt)  between  a  starting 
potential  (Es),  often  Ecorr,  and  a  final 
potential  (Ef).  Sometimes  the  scan 
is  reversed  when  E(,  or  a  preset 
maximum  current  density  (imax),  is 
reached  and  stopped  when  the  ini¬ 
tial  or  a  new  value  of  E  is 
reached.  In  general,  less  distortion 
of  the  true  polarization  curve  occurs 
at  lower  scan  rates.  In  ASTM  G5- 
94,  a  scan  rate  of  600  mV  h_1  is 
recommended.  Figure  77  shows 
the  effects  of  varying  scan  rates  on 
the  shape  of  the  anodic  polariza¬ 
tion  curves  for  type  430  stainless 
steel  (UNS  43000)  in  1.0  N  H2S04. 
Scan  rates  were  increased  from 
curve  1  to  curve  4. 


CURRENT  DENSITY  (pA  cnv2) 

FIGURE  76  -  Standard  potentiostatic  anodic  polar¬ 
ization  curve  for  stainless  steel  alloy  430  in  1.0  N 
H2S04 , 30°C  (ASTM  G5). 


FIGURE  77  -  Effect  of  scan  rate  on  anodic  polarization  curve  for 
SS  alloy  430  in  1.0  N  H2SQ4 , 30°C.25 
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Single  Sweeps 

Anodic  and  cathodic  polar¬ 
ization  curves  usually  are  de¬ 
termined  at  a  constant  scan 
rate  in  a  single  sweep  between 
two  preset  potentials  Es  and 
Ef.  ASTM  G3  ("Standard 
Practice  for  Conventions  Ap¬ 
plicable  to  Electrochemical 
Measurements  in  Corrosion 
Testing")  gives  examples  of 
polarization  curves  deter¬ 
mined  in  this  manner.  Figure 
78  shows  the  typical  standard 
potentiodynamic  anodic  polar¬ 
ization  plot  for  type  430  stain¬ 
less  steet  in  1 .0  N  H2S04  at 
30°C.  Anodic  potentiodynamic 
polarization  curves  performed 
according  to  ASTM  G5  with 
the  standard  ASTM  sample 
will  fall  within  the  scatter  band 
shown  in  Figure  78  if  the  test 
is  performed  correctly.  Slightly 
different  curves  have  been 
obtained  with  a  new  lot  of  type 
430  stainless  steel  samples  in¬ 
troduced  in  1992.  Deviations 
from  standard  plots  point  to 
deficiencies  in  the  experimen¬ 
tal  technique  or  problems  with 
the  test  cell  or  the  equipment, 
and/or  the  operator. 


Pitting  Scans 

Pitting  scans  (Figure  79)  are 
carried  out  to  determine  E 
and  the  protection  potential 
(EP  J.  ASTM  G61-86  (“Stan¬ 
dard  Test  Method  for  Conduct¬ 
ing  Potentiodynamic  Polariza¬ 
tion  Measurements  for  Local¬ 
ized  Corrosion  Susceptibility 
of  Iron-,  Nickel-,  or  Cobalt- 
Based  Alloys”)  gives  a  proce¬ 
dure  for  conducting  cyclic 
potentiodynamic  polarization 
measurements  to  determine 
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FIGURE  78  -  Standard  potentiostatic  anodic  polarization  curve  for 
stainless  steel  alloy  430  in  1.0  N  H2S04 , 30°C  (ASTM  G5). 


FIGURE  79  -  Typical  pitting  scan  plot  (Courtesy  of  EG  &  G  Princeton 
Applied  Research,  Princeton,  NJ) 


Electrochemical  Testing 


75 


relative  susceptibility  to  localized  corrosion  in  the  form 
of  pitting  or  crevice  corrosion.  An  indication  of  suscep¬ 
tibility  to  localized  corrosion  is  given  by  Epi! ,  the  poten¬ 
tial  at  which  the  anodic  current  increases  rapidly  from 
the  low  values  in  the  passive  region.  The  more  noble 
Epit  is  with  respect  to  E^,  the  less  susceptible  the  alloy 
is  to  initiation  of  localized  corrosion.  Cyclic 
potentiodynamic  polarization  curves  for  304  stainless 
steel  (UNS  S30400)  in  a  sodium  chloride  solution  have 
a  value  of  Epit  close  to  0  mV  vs  SCE,  indicating  greater 
susceptibility  to  pitting  than  alloy  C-276,  which  is  im¬ 
mune  to  localized  corrosion  as  indicated  by  the  lack  of 
hysteresis  in  the  reverse  scan  (Figure  80).  The  area 
under  the  curve  for  the  forward  and  reverse  scan  for  a 
susceptible  alloy  such  as  304  stainless  steel  is  a  quali¬ 
tative  measure  of  corrosion  damage  due  to  pit  growth. 
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Numerous  investigators  have  used  polarization  curves 
to  determine  effects  of  microorganisms  on  electrochemi¬ 
cal  properties  of  metal  surfaces  and  resulting  corrosion 
behavior.  In  most  studies,  comparisons  have  been  made 
between  polarization  curves  recorded  in  sterile  and  in¬ 
oculated  media.  Most  authors  suggest  that  microorgan¬ 
isms  increase  the  rates  of  anodic  and/or  cathodic  reac¬ 
tions.  However,  it  also  has  been  suggested  that  these 
rates  can  be  reduced  if  corrosion-inhibiting  compounds 
are  produced  by  microorganisms. 

Deshmukh  et  al.  discussed  the  influence  of  sulfide 
pollutants  on  a  naval  brass  exposed  to  polluted  seawa¬ 
ter  based  on  potentiodynamic  polarization  curves.  The 
shape  of  the  anodic  polarization  curve  was  drastically 
changed  in  the  presence  of  sulfides  or  SRB  (Figure 
81  ).26  Ecorr  became  substantially  more  negative.  An  ac¬ 
tive-passive  transition  and  hysteresis  in  the  reverse  scan 
were  observed. 


FIGURE  81- 
Potentiodynamic 
polarization  curves 
for  naval  brass  in 
seawater  media.26 
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FIGURE  80  -  Cyclic  potentiodynamic  polarization 
curves  for  stainless  steel  alloy  C-276  and  304  in 
3.56  w/o  NaCI  (ASTM  G61). 


Polarization  techniques  also  have  been  used  to  de¬ 
termine  the  mechanism  by  which  microorganisms  in¬ 
duce  pitting  or  crevice  corrosion.  In  most  cases,  Epit 
has  been  determined  in  the  presence  and  absence  of 
bacteria.  E  ^indicates  tendency  for  pitting,  but  does  not 
provide  information  related  to  the  rate  at  which  pits 
propagate.  The  extent  of  pitting  cannot  be  predicted 
from  E  a  data  alone. 

pit 

Salvarezza  et  al.  used  fungi  isolates  from  jet  fuel  stor¬ 
age  tank  sludge  to  determine  the  influence  of  micro¬ 
organisms  on  corrosion  of  alumi¬ 
num  alloys  in  fuel-water  systems.27 
The  authors  concluded  that  Epjt 
could  be  used  to  determine  the  im¬ 
portance  of  each  biological  species 
in  the  corrosive  attack  of  the  alumi- 
num  alloys.  Rosales  and 
deSchiapparelli  determined  the  in¬ 
fluence  of  microbial  contaminants 
in  aircraft  fuel,  alloying  elements 
and  surface  heterogeneities  on 
nucleation  and  propagation  of  pit¬ 
ting  of  7075  aluminum,  concluding 
that  electrochemical  tests  repro¬ 
duced  corrosion  problems  ob¬ 
served  in  service  conditions.28 
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Ringas  and  Robinson  performed  electrochemical 
tests  on  several  stainless  steels  and  mild  steel  in  cul¬ 
tures  of  SRB.29  In  all  cases,  the  pitting  resistance  was 
lower  in  cultures  of  SRB, 

Figure  82  shows  potentiodynamic  polarization  curves 
with  a  reversed  scan  for  stainless  steel  type  316  (UNS 
S31600)  in  a  sterile  medium  and  in  a  SRB  culture.  The 
alloy  was  passive  and  displayed  a  large  passive  range 
in  the  sterile  medium.  The  reverse  scan  showed  no 
hysteresis,  indicating  that  active  pits  were  not  formed. 
The  shape  of  the  anodic  polarization  curve  was  very 
different  in  the  bacterial  culture.  Ecorr  was  more  active, 
an  active-passive  transition  was  observed,  and  the  pas¬ 
sive  current  density  was  higher,  suggesting  that  the 
passive  film  formed  in  the  bacterial  culture  was  less 
protective. 


Polarization  Curves  Obtained 
in  the  Vicinity  of  E 

J  corr 

Polarization  curves  obtained  in  the  vicinity  of  E  can 
be  analyzed  by  fitting  experimental  data  to  the  equa¬ 
tion  relating  potential  (E)  and  current  density  (i): 


i  =  icorr[exp{2.3  (E  -  EJ/bJ 

-  exp{2.3  (Ecorr  -  E)/bc}].  (10) 

Polarization  curves  usually  are  obtained  in  the 
potentiodynamic  mode.  Results  of  the  fit  using  software 
programs  consist  of  experimental  values  of  i^,  ba,  and 
bc .  Most  potentiostat  manufacturers  supply  software 
for  this  procedure.  Since  only  a  small  polarization  range 
(E  '  E«J  is  applied  (usually  ±  30  mV  or  less)  to  obtain 
corrosion  rates  and  Tafel  slopes  in  the  non-Tafel  re¬ 
gion,  this  approach  is  non-destructive  and  can  be  ap¬ 
plied  repeatedly  without  changing  surface  properties. 
The  experimental  approach  is  similar  to  that  used  to 
determine  Rp.  However,  kinetic  data  are  obtained  di¬ 
rectly  from  polarization  curves. 

Figure  83  gives  a  comparison  of  an  experimental 
polarization  curve  recorded  in  the  vicinity  of  E  using 
a  rotating  cylindrical  electrode  (RCE)  at  a  rotatio'nspeed 
r  =  1 ,600  rpm  and  a  fit  of  these  data  to  Equation  1 0  for 
99copper  after  exposure  to  natural  seawater  for  seven 
days.  Excellent  agreement  between  these  two  curves 
was  observed.  Ecorr  and  the  fit  parameters  ba,  bc,  and 
irorr  have  been  plotted  vs  r° 7  (rotation  dependence  for  a 


FIGURE  82  -  Pitting  scans  for  316  stainless  steel 
in  sterile  medium  and  in  SRB  culture.29 
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FIGURE  83  -  Comparison  of  experimental  and 
fitted  polarization  curves  for  99copper  after 
exposure  to  natural  seawater  for  seven  days; 
RCE,  1,600  rpm.30 


RCE)  for  99copper  and  70copper:30nickel  in  Figure  84 
after  exposure  to  natural  seawater  for  7  and  21  days. 
These  results  have  been  interpreted  in  terms  of  the 
anodic  reaction  being  under  mixed  charge  transfer  and 
mass  transport  control.  It  is  not  possible  to  obtain  the 
kinetic  data  as  a  function  of  r  (Figure  84)  with  tradi¬ 
tional  polarization  measurements  in  a  wide  potential 
range  since  the  surface  would  suffer  irreversible 
changes  during  a  measurement  at  the  first  rotation 
speed. 
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FIGURE  84  -  Dependence  of  (a)  Ecorr ,  (b)  ba ,  (c)  bc , 
and  (d)  !corr  on  rotation  speed  of  RCE  for  99cop- 
per  (Cu)  and  70copper:30nickel  after  exposure  to 
natural  seawater  for  7  and  21  days.30 


Polarization  Resistance 
Measurements 

Polarization  resistance  (Rp)  defined  as 

Rp  =  (dE/di)Ecorr  (11) 

is  determined  as  the  slope  of  a  polarization  curve 
at  E  where  i  =  0.  Usually,  potentiodynamic 
polarization  curves  collected  in  close  vicinity  of 
Ecorr  are  used  for  this  purpose.  ASTM  G  59-91 , 
“Standard  Practice  for  Conducting 
Potentiodynamic  Polarization  Resistance  Mea¬ 
surements,"  deals  with  experimental  procedures 
for  determining  Rp  according  to  Equation  1 1 .  This 
method  describes  an  experimental  procedure 
for  Rp  resistance  measurements  that  allows  an 
investigator  to  calibrate  equipment  and  test 
methods. 

Figure  85  shows  standard  polarization  curves 
for  type  430  stainless  steel  (UNS  S43000)  in 
1 .0  N  H2S04,  deaerated  with  hydrogen,  at  30°C. 
Experimental  polarization  curves  must  fall  within 
curves  2  and  3;  otherwise,  experimental  prob¬ 
lems  have  occurred. 


FIGURE  85  -  Standard  potentiodynamic  polariza¬ 
tion  curves  in  the  vicinity  of  Ecorf  for  430  stainless 
steel  in  1.0  N  H2S04,  30°C  (ASTM  G59). 
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Table  6.1  gives  results  of  the  analysis  of  experimen¬ 
tal  data  obtained  in  round  robin  testing.  The  mean  val¬ 
ues  (M)  of  Rpl  ba,  bc,  and  icorr  are  given  with  their  stan¬ 
dard  deviations  (SD)  and  standard  errors  (SE).  The 
analysis  was  carried  out  as  discussed  in  relation  to 
Equation  1 0.  Curves  2  and  3  were  constructed  for  M  +/ 
-  2  SD. 

Applications  of  the  Rp  techniques  as  a  non-destruc¬ 
tive  method  for  monitoring  corrosion  rates  have  been 
discussed  in  detail  in  a  review  article.31  The  main  ad¬ 
vantage  of  the  Rp  technique  over  periodic  weight  loss 
measurements  is  the  possibility  of  continuously  moni¬ 
toring  instantaneous  corrosion  rates  of  a  metal  exposed 
to  a  corrosive  environment.  The  technique  is  suitable 
for  detection  of  changes  due  to  the  presence  of  bacte¬ 
ria,  inhibitors,  biocides,  sunlight,  changes  in  flow  rate 
and  other  environmental  conditions. 

Rp  can  be  converted  to  icprr  using  the  Stern-Geary 
equation:21'31  y 


where  B  is  a  parameter  calculated  using  theTafel  slopes: 

B  =  babo/2.3(ba  +  bc)  .  (13) 

To  obtain  quantitative  values  of  icorr  from  experimen¬ 
tal  Rp  data,  B  has  to  be  known  for  the  same  experimen- 
tal  conditions.  For  qualitative  estimates,  a  constant  value 
of  B  between  13  and  26  mV  often  is  used.  Corrosion 
rates  can  be  obtained  from  icprr  using  Faraday’s  Law.23 

In  determining  Rp  values  from  polarization  curves, 
scan  rate  and  ohmic  drop  effects  have  to  be  consid¬ 
ered.  Experimental  polarization  curves  can'change  with 
increasing  scan  rate.  In  general,  R  will  be  underesti¬ 
mated  (and  corrosion  rates  overestimated)  when  scan 
rates  are  too  high.  Rp  will  be  overestimated  (and  corro¬ 
sion  rates  underestimated)  when  the  uncompensated 
resistance  (Rs)  is  not  considered  since  the  experimen¬ 
tal  value  of  Rp  (R  )  contains  a  contribution  from  R  : 

s 


The  contribution  from  Rs  can  be  eliminated  during  the 
measurement  by  using  positive  feedback  or  interrupter 
techniques  or  by  subtracting  Rs  from  Rpexpas  calculated 


TABLE  6.1 

POLARIZATION  DATA  FOR  STAINLESS 
STEEL  TYPE  430, 1  N  H2S04,  H  ,  30°C 
(ASTM  G59) 


Rp  ( ohm  ■  cmP 
bd  (mV) 

(mV) 

B  (mV) 

/w  (mAJcnf) 


M  SD  SE 


9-19  1.54  0.54 

95  18  6 

113  16  6 

22.3  3.6  1 .3 

2-49  0.19  0.07 


from  analysis  of  the  polarization  curve.31  R  can  be 
determined  by  applying  a  constant  current  pulse  I 
and  observing  the  potential  response  on  an  oscilloscope 
(Figure  86).  The  initial  sharp  rise  of  potential  E  =  I  R 
due  to  ohmic  drop  is  followed  by  a  slower  increased 
to  double  layer  charging.  Thus,  R  =  E/I 

S  appl’ 

The  error  =  Rs/Rp  due  to  the  uncompensated  resis¬ 
tance  can  have  similar  values  for  a  system  with  high 
corrosion  rates  in  a  solution  of  high  conductivity  and  for 
a  system  with  low  corrosion  rates  in  a  solution  of  low 
conductivity.  Therefore,  ohmic  drop  effects  can  be  im¬ 
portant  in  all  systems. 


TIME 


FIGURE  86  -  Potential  pulse  method  for  determi¬ 
nation  of  the  uncompensated  resistance  R  .** 
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Linear  Polarization 

The  linear  polarization  technique  is  a  variation  of  the 
polarization  resistance  technique  and  forms  the  basis 
of  commercial  corrosion  rate  monitors.  In  this  approach, 
it  is  assumed  that  polarization  curves  are  linear  in  the 
vicinity  of  Ecorr  (Ecorr  ±  10  mV).  In  this  case,  FT  is  de¬ 
fined  as:  p 

R’p  =  AE/i,  (15) 

where  AE  =  E-  Ecorr  and  i  is  the  current  measured  at 
the  applied  potential  E.  Since  AE  is  constant,  i  is  pro- 

.  corr  • 

portional  to  the  measured  current  density.31 

'corr=  ki,  (16) 

where  k  is  treated  as  a  system  constant. 

in  commercial  instruments,  positive  and  negative  val¬ 
ues  of  AE  are  applied  and  the  average  value  of  i  used 
to  determine  the  corrosion  rate.  The  assumption  that 
the  polarization  curve  is  linear  with  AE  has  been  dis¬ 
cussed  and  the  limitation  of  the  technique  has  to  be 
considered  in  each  application.31  Several  commercial 
devices  are  available,  and  automatic  ohmic  drop  com¬ 
pensation  is  available  in  some  instruments. 

Mansfeld  et  al.  used  linear  polarization  techniques  to 
determine  Rp  for  mild  steel  sensors  embedded  in  con¬ 
crete.32  Concrete  samples  were  exposed  to  a  sewer 
environment  in  Los  Angeles  County  for  about  nine 
months.  One  sample  was  periodically  flushed  with  sew¬ 
age  in  an  attempt  to  remove  the  acidic  environment 
produced  by  sulfur-oxidizing  bacteria,  and  another 
sample  was  used  as  a  control.  A  data  logging  system 
was  used  to  collect  Rp  data  at  1 0  min  intervals  simulta¬ 
neously  for  two  corrosion  sensors  and  two  pH  elec¬ 
trodes  placed  on  concrete  surfaces.  Figure  87  shows 
the  cumulative  corrosion  loss  SINT,  where  INT  was  ob¬ 
tained  by  integration  of  the  1/Rp-  time  curve  (area  un¬ 
der  the  1/Rp-  time  curve)  as: 


The  data  in  Figure  87  qualitatively  represent  the  time 
dependence  of  the  mass  loss  of  the  steel  electrodes. 


No  attempts  were  made  to  convert  R  data  into  cor¬ 
rosion  rates  since  the  B  values  (Equations  12  and  13) 
were  not  known  for  the  system  and  the  purpose  of  the 
test  was  to  evaluate  whether  the  concept  of  removing 
the  acidic  environment  by  periodic  flushing  with  sew¬ 
age  was  feasible.  A  qualitative  measure  of  corrosion 
rate  can  be  obtained  from  the  slope  of  curves  in  Figure 
87.  The  integrated  corrosion  loss  (INT)  is  given  in  Fig¬ 
ure  87  in  units  of  s/ohm.  Corrosion  rates  started  to  in¬ 
crease  for  both  samples  after  about  60  days  when  ap¬ 
parently  enough  electrolyte  had  reached  the  steel  sur¬ 
faces  to  make  corrosion  possible.  Asignificant  decrease 
of  corrosion  rates  occurred  after  about  111  days  when 
flushing  was  started  (Figure  87b).  Total  corrosion  loss 
as  determined  from  the  integrated  Rp  data  was  less  for 
the  control  than  for  the  flushed  sample. 
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FIGURE  87  -  Cumulative  corrosion  loss  SINT 
for  mild  steel  sensors  embedded  in  concrete  and 
exposed  to  a  sewer  bypass,  (a)  Control  sample 
and  (b)  flushed  sample.32 


Galvanostatic  and  Galvanodynamic 
Techniques _ 

Galvanostatic  and  galvanodynamic  techniques  are 
used  less  commonly  than  the  potentiostatic  and 
potentiodynamic  techniques  described  earlier.  In 
galvanostatic  techniques,  a  constant  current  is  applied 
and  potential  is  monitored  as  a  function  of  time.  It  is 
possible  to  record  an  entire  polarization  curve  in  the 
galvanostatic  mode.  A  limitation  of  this  approach  for 
passive  metals  is  that  the  passive  region  cannot  be 
investigated.2’  ASTM  G  100,  “Standard  Test  Method 
for  Conducting  Cyclic  Galvanostaircase  Polarization,” 
describes  a  method  for  determining  Epjt  for  aluminum 
alloys  using  a  variation  of  the  galvanostatic  technique. 


Open-Circuit 

Potential  Measurements _ 

Measurement  of  EMrr  is  the  easiest  electrochemical 
test  to  perform,  but  it  provides  the  least  amount  of 

mechanistic  information.  Measurement  of  E  requires 
a  stable  reference  electrode,  a  high  impedance  volt¬ 
meter,  and,  in  most  cases,  a  suitable  recording  device, 
^con-  a^S0  can  be  determined  by  observing  the  digital 
display  on  the  potentiostat  when  i  =  0,  monitored  by 
recording  the  potential  output  value  from  the  potentiostat 
on  a  strip  chart  recorder  as  a  function  of  exposure  time, 
or  by  printing  potential  vs  time  curves  stored  on  a  com¬ 
puter  disk. 

The  time  dependence  of  Ecorr  has  been  monitored  by 
many  groups  investigating  effects  of  biofilm  formation 
on  localized  corrosion  of  stainless  steels  in  natural  sea¬ 
water.  Most  published  data  show  a  rapid  ennoblement 

^corr  a  shift  to  more  positive  values)  during  the 
first  days  of  exposure  as  seen  in  Figure  88  for  several 
stainless  steels  in  flowing  (0.5  m  s*1)  natural  seawater 
Ecorr  changed  from  -200  to  -250  mV  (SCE)  at  the  begin¬ 
ning  of  the  test  to  -50  mV  for  two  alloys  and  to  more 
than  +50  mV  for  the  remaining  four  alloys  after  28  days.33 

It  is  important  not  to  overinterpret  Ecorr  measurements. 
Based  on  information  obtained  with  i"  ^  alone,  it  is  not 
possible  to  determine  whether  corrosion  rates  have  in¬ 
creased  or  decreased.  Some  authors  have  interpreted 
shifts  of  Ecorr in  the  negative  direction  as  a  reduction  of 
the  rate  of  cathodic  reaction  or  an  increase  of  the  rate 


of  the  anodic  reactions.  These  are  the  two  simplest 
possibilities.  However,  without  additional  data,  no  valid 
conclusions  concerning  the  effect  of  bacteria’on  elec¬ 
trochemical  corrosion  reactions  can  be  drawn.  The  phe¬ 
nomenon  of  ennoblement  observed  by  many  investi¬ 
gators  has  been  explained  by  the  experimentally  deter¬ 
mined  increase  of  the  rate  of  the  cathodic  reaction  due 
to  biofilm  formation.  However,  no  satisfactory  mecha¬ 
nistic  explanation  has  been  provided  to  account  for  this 
phenomenon. 

The  reduction-oxidation  (redox)  potential  measured 
on  an  inert  electrode  such  as  platinum  can  be  used  as 
an  indicator  of  the  oxidation  power  of  the  electrolyte.  If 
suitable  calibration  is  provided,  it  might  also  be  used  as 
an  indicator  of  electrolyte  corrosivity.  Measurements  of 
redox  potentials  have  been  used  to  monitor  changes  in 
corrosive  properties  of  solutions  as  a  result  of  bacterial 
metabolism.  Potential  measurements  of  both  a 
prepassivated  platinum  electrode  (passivated  by  immer¬ 
sion  in  25%  HN03  +  75%  H20  at  50°C  for  10  min)  and 
the  material  of  interest  has  been  used  to  follow  biofilm 
development  and  determine  its  effects  on  the  corro¬ 
sion  behavior  of  structural  materials. 


FIGURE  88  -  Open  circuit  potential  as  function  of 
time  for  six  stainless  steels  exposed  to  flowing 
natural  seawater.33 
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SHE  -  Standard  hydrogen  electrode 

FIGURE  89  -  Open  circuit  potential  vs  time  for  304L 
stainless  steel  in  sterile  medium  (curve  1)  and  in 
medium  with  bacteria  (curve  2).M 


Figure  89  shows  the  time  dependence  of  for  stain¬ 
less  steel  type  304L  (UNS  S30403)  in  solutions  with 
and  without  bacteria,  while  Figure  90  shows  correspond¬ 
ing  data  for  prepassivated  platinum,  the  role  of  which 
was  to  indicate  changes  in  oxygen  concentration  at  the 
platinum/biofilm  interface,  assumed  to  be  the  same  as 
those  on  stainless  steel.34  Since  the  potential  of  plati¬ 
num  changes  in  the  positive  direction  when  the  oxygen 
concentration  is  increased  or  pH  is  decreased,  a  pH 
indicator  was  added  to  the  solution  to  determine  pH 
changes  independently.  Ecorr  for  304L  and  platinum  in 
the  sterile  medium  remained  essentially  constant  over 
the  72  h  test  period  (Figures  89  and  90)  while  in  the 
solution  containing  bacteria  significant  potential 
changes  were  observed  for  304L  accompanied  by  a 
decrease  in  solution  pH.  The  potential  of  platinum  also 
changed  with  time  in  the  bacterial  solution,  but  in  the 
opposite  direction  (Figure  90).  The  authors  concluded 
that  potential  changes  corresponded  to  bacterial  activ¬ 
ity. 


Galvanic  Current  Measurements 

Short-circuit  currents  between  dissimilar  metals  or 
metals  exposed  to  electrolytes  of  different  composition 
are  measured  by  means  of  a  zero  resistance  ammeter 
(ZRA).  The  ZRA  is  based  on  operational  amplifiers 
(Figure  91)  and  applies  0  mV  potential  difference  be¬ 
tween  the  two  electrodes  in  the  galvanic  couple.  The 


TIME  (hours) 


FIGURE  90  -  Open  circuit  potential  vs  time  for  plati¬ 
num  in  sterile  medium  (curve  1)  and  in  medium 
with  bacteria  (curve  2).M 


potential  of  the  couple  should  be  measured  vs  a  refer¬ 
ence  electrode  to  obtain  additional  information  related 
to  corrosion  mechanisms.  A  potentiostat  can  be  used 
as  a  ZRA  by  setting  the  applied  potential  to  0  mV.  The 
working  electrode  lead  is  connected  to  one  electrode 
while  the  counter  electrode  lead  and  the  reference  elec¬ 
trode  lead  are  connected  to  the  other  electrode.  Gal¬ 
vanic  current  is  monitored  as  current  output  of  the 
potentiostat. 

When  using  a  ZRA  based  on  operational  amplifiers, 
one  electrode  is  connected  to  the  grounded  input 
(Figure  91).  The  current  (lg)  needed  to  maintain  0  mV 
between  two  galvanically  coupled  electrodes  is  moni¬ 
tored  as  the  output  voltage  Vo  =  lgRm,  where  Rm  is  the 


\  \  Electrode  2 

\  Reference  electrode 


FIGURE  91  -  Instrumental  arrangement  for  continu¬ 
ous  measurement  of  galvanic  current  at  zero  im¬ 
pedance.35 
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resistance  of  the  measuring  resistor.  Rm  can  be  varied 
to  maintain  Vo  in  a  convenient  range,  i.e.  0-1  V.  The 
voltage  of  the  couple  (Vg)  is  measured  with  the  voltage 
follower  (A2  in  Figure  91)  which  determines  the  poten¬ 
tial  of  the  reference  electrode  vs  ground.  Both  V  and 
Vg  can  be  recorded.  The  advantage  of  the  design  in 
Figure  91  is  low  cost  and  capability  to  monitor  multiple 
test  cells  simultaneously.  Operational  amplifiers  also 
can  be  used  to  construct  inexpensive  and  versatile 
potentiostats. 

A  dual-cell  corrosion  measuring  device  that  uses  a 
ZRA  has  been  developed  specifically  to  evaluate  vul¬ 
nerability  of  metals  to  media  containing  microorganisms 
and  to  determine  corrosivity  of  metal/microbe  combi¬ 
nations.  The  dual-cell  or  split-cell  technique  allows  con¬ 
tinuous  monitoring  of  a  metal  or  alloy  covered  by  a 
biofilm.  Dual-cell  devices  are  not  commercially  avail¬ 
able,  but  can  be  easily  constructed  (Figure  92a).  Basic 
features  of  the  device  include  a  support  for  a  0.1  pm 
cellulose  acetate/cellulose  nitrate  filter  disk  that  pro¬ 
vides  electrolytic  continuity  and  microbiological  isola¬ 
tion  between  two  identical  half  cells.  Nominally  identi¬ 
cal  test  electrodes  are  placed  in  electrolytes  that  differ 
only  by  the  presence  of  microorganisms  in  one  half  cell 
and  are  connected  to  a  ZRA.  The  operating  principle  of 
the  device  is  based  on  the  fact  that  as  long  as  uniform 
corrosion  occurs  at  the  same  rate  on  electrodes  in  both 
compartments  and  EMrr  is  the  same,  there  should  be 
no  potential  difference  between  the  compartments  and 
current  flow  between  them  should  be  zero.  When  one 
compartment  is  chemically  or  biologically  altered,  a  po¬ 
tential  difference  will  develop  and  a  current  can  be 
measured.  Compartments  ace  provided  with  ports  for 
gas  exchange  and  introduction  of  electrolyte  solutions. 

This  is  the  experimental  procedure  for  using  the  dual 
cell: 

•  Autoclave  all  glassware  and  filters  (15  psi  steam  at 
about  121°C  for  a  minimum  of  20  min).  Assemble  the 
device. 

•  Prepare  abiotic  solution  using  a  combination  of  pas¬ 
teurization  and  filtration.  Pasteurize  natural  water  for  2 
h  at  70°C  before  filtration  through  a  0.1  pm  cellulose 
acetate/cellulose  nitrate  filter.  Add  abiotic  electrolyte  to 
both  half  cells. 

•  Clean  electrodes  in  acetone  and  dry  in  warm,  ster¬ 
ile  air.  Assemble  identical  test  electrodes  in  electrode 


holders  and  place  one  in  each  half  cell.  Test  electrodes 
need  to  be  of  equal  dimensions  and  surface  finish. 
Caution  should  be  taken  to  ensure  that  electrode  hold¬ 
ers  do  not  leak  and  that  there  are  no  crevices. 

•  If  a  potentiostat  is  used  as  ZRA,  the  following  con¬ 
nections  have  to  be  made  (Figure  92b): 

Connect  working  electrode  lead  to  one  test  electrode, 
counter  electrode  and  reference  electrode  leads  to 
the  other  test  electrode. 

Set  applied  potential  to  0  mV,  adjust  current  scale, 
and  measure  galvanic  current  for  several  hours  to  make 
sure  that  the  current  is  very  low. 

•  Inoculate  one  half-cell. 

•  Record  galvanic  current  with  a  strip  chart  recorder 
connected  to  the  current  output  of  the  potentiostat  or 
ZRA  to  provide  a  continuous  record  of  the  time  depen¬ 
dence  of  the  corrosion  process.  If  appropriate  software 
is  used,  data  can  be  displayed  on  a  computer  screen 
during  the  test,  stored  on  disk,  and  plotted  after  the 
test.  Typical  test  times  last  from  days  to  months. 

•  The  potential  of  the  galvanic  couple  may  be  moni¬ 
tored  by  connecting  the  reference  electrode  to  one  in¬ 
put  of  an  external  voltmeter  and  the  test  electrode  to 
which  the  working  electrode  lead  is  connected  to  the 
low  or  grounded  input.  The  output  voltage  may  be  con¬ 
nected  to  a  second  strip  chart  recorder  (Figure  92b). 

Galvanic  current  is  a  measure  of  the  increase  of  the 
corrosion  current  of  the  anode  due  to  the  coupling  to 
the  cathode  and  does  not  allow  calculation  of  the  cor¬ 
rosion  rate  of  either  test  electrode.  The  sign  and  mag¬ 
nitude  of  the  galvanic  current  can  be  used  to  determine 
details  of  the  corrosive  action  of  the  bacteria.  However, 
care  must  be  taken  in  determining  the  sign  of  the  cur¬ 
rent  since  in  principle  either  of  the  two  test  electrodes 
can  be  connected  to  the  working  electrode  or  the  refer¬ 
ence  electrode  +  counter  electrode  leads.  If  in  doubt,  a 
quick  check  can  be  carried  out  by  placing  a  piece  of 
zinc  and  a  piece  of  steel  in  tap  water,  connecting  the 
zinc  to  the  working  electrode  lead  and  the  steel  to  the 
reference  electrode  +  counter  electrode  lead.  Current 
should  be  positive.  If  the  sign  of  the  current  in  a  dual¬ 
cell  experiment  is  positive  and  the  test  electrode  in  the 
bacteria-containing  cell  has  been  connected  to  the  work¬ 
ing  electrode  lead,  it  has  become  the  anode  (i.e.,  it  has 
the  more  negative  Ecorr);  and  if  the  sign  of  the  current  is 
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FIGURE  93(a)  -  Two  cell  microbiological  battery  used  in  SRB  corrosion  studies.37 


FIGURE  93(b)  -  Time  dependance  of  the  ZRA  cur¬ 
rent  in  the  presence  of  SRB  Hase-  (curve  A)  and 
SRB  Hase*  (curve  B).37 


negative,  it  has  become  the  cathode.  Simultaneous 
measurement  of  the  galvanic  current  and  the  potential 
of  the  coupled  test  electrodes  using  a  reference  elec¬ 
trode  allows  one  to  determine  changes  in  corrosion  re¬ 
action  kinetics  caused  by  bacteria  with  exposure  time. 
The  magnitude  of  measured  ZRA  current  depends  on 
the  area  ratio  of  anode  and  cathode  (Aa/A°).  If  this  ratio 
is  not  one,  the  measured  galvanic  current  (I  )  has  to  be 
normalized  to  determine  the  galvanic  current  densities 
(iga  =  lg/Aa  and  igc  =  lg/Ac),  which  will  have  different  nu¬ 
merical  values. 

Daumas  et  al.  studied  a  microbiological  battery  to  de¬ 
termine  the  corrosion  mechanism  of  a  mild  steel  in  the 
presence  of  hydrogenase-positive  (Hase*)  and  hydro- 
genase-negative  (Hase-)  bacteria.37  Current  flowing 
between  the  test  electrode  in  the  sterile  cell  and  the 
test  electrode  in  the  inoculated  cell  in  the  presence  of 
Hase-SRB  (curve  A)  and  in  the  presence  of  Hase*SRB 
(curve  B)  was  measured  using  the  arrangement  shown 
in  Figure  93(a)  and  is  presented  in  Figure  93(b)  as  a 
function  of  time.  According  to  the  authors,  the  differ¬ 
ence  between  curves  A  and  B  shows  the  importance  of 
the  hydrogenase  activity  of  SRB  in  the  electrochemical 
process  of  corrosion.  They  concluded  that  oxidation  of 
cathodic  hydrogen  was  the  dominant  mechanism  for 
Hase*  organisms  and  that  FeS  played  a  role  in  the  cor¬ 
rosion  reaction  with  Hase-  organisms. 
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FIGURE  94(a)  -Biofouling/corrosion  monitoring  system.34 


Commercial  multipurpose  metal  sample 
holders  are  available  for  MIC  monitoring 
(Figures  94a-c).  One  sample  holder  con¬ 
sists  of  a  rectangular  section  Teflon™  rod 
in  which  holes  are  drilled  to  support  eight 
disk-shaped  coupons,  each  with  an  exposed 
surface  area  of  0.5  cm2.  Four  coupons  are 
supported  on  one  side  of  the  rod  while  the 
other  four  are  supported  on  the  opposing 
side  (Figure  94a).  Similarly,  the  Robbins 
Device  (94b)  incorporates  aseptically  re¬ 
movable  stubs  to  collect  biofouling/corro¬ 
sion  information.  Manufacturers  provide 
design  options,  including  stub  and  device 


f 

A 


FIGURE  94(b)  -  Schematic  of  Robbins  Device.  (Courtesy  of 
Caproco  Ltd.,  Edmonton,  Alberta,  Canada.) 


85 


86 


Microbiologically  Influenced  Corrosion 


materials,  sizes,  and  stub  numbers.  Continually  updated 
designs  allow  similar  devices  to  be  mounted  on  spools 
for  easy  transport  from  one  in-line  or  by-pass  site  to 
another  (Figure  94c). 

Sample  holders  can  be  supported  in  a  conventional 
corrosion  coupon  rack  and  placed  in  a  process 
sidestream  of  interest  (Figure  95).  In  this  way,  eight 
different  samples  can  be  collected  simultaneously  or  at 
different  exposure  periods.  After  exposure,  entire  as¬ 
semblies  or  coupons  can  be  removed  for  biofilm  and 
corrosion  assessment. 

A  typical  monitoring  scheme  would  include: 

•  sessile  bacterial  counts, 

•  biofilm  observation  by  SEM, 

•  surface  analysis  of  corrosion  products  and 

biofilms, 


•  optical  microscopy  and  SEM  evaluation  of 
metal  attack  after  removal  of  biological 
inorganic  deposits, 

•  electrochemical  corrosion  measurements  in 
the  laboratory  or  the  field  to  assess  localized 
corrosion. 

These  studies  are  generally  complemented  with  field 
and  laboratory  measurements,  such  as: 

•  water  quality  control, 

•  field  corrosion  monitoring, 

•  field  redox  potential  measurements, 

•  other  analytical  data  depending  on  particular 
characteristics  of  each  system  (dissolved 
oxygen,  sulfides,  etc.). 


encapsulated 


FIGURE  94(c)  -  Schematic  of  spool-mounted 


monitoring  device  (Courtesy  Caproco,  Ltd.  Edmonton,  Alberta,  Canada.) 
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FIGURE  95  -  Sidestream  monitoring  scheme. 
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CHAPTER  8 


Recent 

Laboratory 

Developments 


Innovations  in  microbiology,  electrochemistry,  and  sur¬ 
face  chemistry  are  being  applied  to  MIC  research  in 
controlled  laboratory  situations.  The  following  section 
describes  some  innovative  methods  and  includes  ref¬ 
erences  for  additional  information.  In  most  cases,  de¬ 
veloping  techniques  require  sophisticated  equipment 
and  generally  are  not  appropriate  for  routine  testing. 


Microbiological/Biochemical 
Techniques _ 

Biofilm  community  structures  can  be  analyzed  using 
cluster  analysis  of  the  phospholipid  fatty  acid  profiles 
(PLFA).39  PLFA  profiles  for  natural  biofilms  are  more 
complex  than  profiles  for  laboratory  biofilms.  None  of 
the  laboratory  profiles  clustered  closely  with  profiles  from 
natural  biofilms.  In  addition,  the  PLFA  profiles  for  at¬ 
tached  bacteria  clustered  separately  from  profiles  of 
the  same  bacteria  in  the  bulk  phase,  suggesting  that 
either  the  community  or  the  physiology  of  attached  bac¬ 
teria  differ  from  that  of  bulk  phase  bacteria. 

Direct  molecular  characterization  of  natural  microbial 
populations  can  be  accomplished  with  sequence  analy¬ 
sis  of  5S  rRNA.40  More  recently,  fluorescent  dye- 
labeled  oligonucleotide  probes  have  been  used  for 
microscopic  identification  of  single  cells  and  character¬ 


ization  of  mixed  populations.  Polymerase  chain  reac¬ 
tion  amplification,  comparative  sequencing,  and  whole 
cell  hybridization  have  been  combined  to  selectively 
identify  and  visualize  SRB  in  both  established  and  de¬ 
veloping  multispecies  biofilms.41 

Techniques  for  analyzing  microbial  metabolic  activity 
at  localized  sites  are  being  developed.  Franklin  et  al. 
incubated  microbial  biofilms  with  14C-metabolic  precur¬ 
sors  and  autoradiographed  the  biofilms  to  localize  bio¬ 
synthetic  activity  on  corroding  metal  surfaces.42  The 
localized  uptake  of  labeled  compounds  was  related  to 
localized  electrochemical  activities  associated  with  cor¬ 
rosion  reactions. 


Electrochemical  Techniques _ 

Three  non-destructive  electrochemical  techniques 
that  can  be  applied  in  MIC  studies  are  electrochemical 
impedance  spectroscopy  (EIS),  electrochemical  noise 
analysis  (ENA),  and  biofilm  monitoring  probes. 

EIS 

Electrochemical  impedance  spectroscopy  (EIS)  data 
are  recorded  as  a  function  of  frequency  of  an  applied 
AC  signal  at  a  fixed  working  point  (E,  i)  of  a  polarization 
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curve.  In  corrosion  studies,  this  working  point  is  often 

E«,rr  (E  =  Ecorr’  '  =  °)-  Usua,lY.  a  very  large  frequency 
range  has  to  be  investigated  to  obtain  the  complete 
impedance  spectrum.  In  most  corrosion  studies,  this 
frequency  range  extends  from  65  kHz,  the  upper  limit 
of  a  commonly  used  frequency  response  analyzer 
(FRA),  to  1  mHz.  Impedance  data  are  usually  deter¬ 
mined  with  a  three-electrode  system,  although  it  also  is 
possible  to  use  a  two-electrode  system  in  which  both 
electrodes  are  of  the  same  material.  A  potentiostat  is 
used  to  apply  the  potential  at  which  data  are  to  be  col¬ 
lected. 

The  FRA  is  programmed  to  apply  a  series  of  sine 
waves  of  constant  amplitude  (small  enough  to  remain 
in  the  linear  potential  region)  and  varying  frequency. 
Impedance  data  are  determined  by  the  FRA  at  each 
frequency  and  stored  in  its  memory.  Since  a  very  large 
number  of  data  points  has  to  be  collected,  displayed, 
and  analyzed,  it  is  essential  to  use  adequate  software 
for  these  purposes. 

Information  obtained  with  EIS  differs  from  that  deter¬ 
mined  with  the  other  techniques  previously  described 
since  the  corrosion  system  is  analyzed  at  a  fixed  po¬ 
tential  (or  current).  Properties  of  the  system  at  this  po¬ 
tential  can  then  be  determined  through  analysis  of  the 
frequency  dependence  of  the  impedance.  One  of  the 
advantages  of  EIS  is  that  only  very  small  signals  are 
applied.  In  many  cases,  EIS  data  have  shown  that  ex¬ 
isting  models  for  corrosion  systems  based  on  results 
of  studies  with  direct  current  techniques  were  too  sim¬ 
plistic. 

Experimental  impedance  spectra  can  be  displayed 
using  linear  coordinates  in  complex  plane  plots  in  which 
the  negative  value  of  the  imaginary  part  of  the  imped¬ 
ance  (-Z)  is  plotted  vs  the  real  part  (Z).  For  a  simple 
circuit  consisting  of  a  parallel  combination  of  R  and  C 
with  Rs  in  series  (Figure  74),  such  a  plot  will  result  in  a 
semicircle. 

This  approach  neglects  the  fact  that  the  impedance 
often  changes  over  many  orders  of  magnitude  and  that 
the  frequency  dependence  of  the  impedance  cannot 
be  recognized  in  complex  plane  plots.  The  preferred 
format  for  display  of  EIS  data  is,  therefore,  the  Bode 
plot,  in  which  log  IZI  and  phase  angle  (<&)  are  plotted  vs 
the  frequency  (f)  of  the  applied  signal  with  IZI  being  the 
modulus  of  the  impedance. 

ASTM  G  106,  “Standard  Practice  for  Verification  of 
Algorithm  and  Equipment  for  Electrochemical  Imped¬ 


ance  Measurements,”  describes  an  experimental  pro¬ 
cedure  that  may  be  used  to  check  instrumentation  and 
technique  for  collection  and  presentation  of  EIS  data. 
Reference  impedance  plots  in  both  complex  plane  and 
Bode  format  are  included  for  a  dummy  cell  and  for  stain¬ 
less  steel  type  430  in  a  solution  containing  0.005  M 
sulfuric  acid  (H2SOJ  and  0.495  M  sodium  sulfate 
(Na2S04). 

Figure  96  shows  Bode  plots  for  99copper  as  a  func¬ 
tion  of  exposure  time  to  natural  seawater  over  a  10- 
week  period  while  Figure  97  shows  data  in  artificial  sea¬ 
water.  The  most  notable  feature  of  the  spectra  recorded 
in  natural  seawater  was  the  increase  of  impedance  at 
high  frequencies  for  longer  exposure  times  (Figure  97), 
not  observed  in  artificial  seawater  (Figure  96).  Changes 
of  IZI  with  time  are  reflected  in  the  frequency  depen¬ 
dence  of  $,  a  sensitive  indicator  of  changes  in  surface 
properties.  Corrosion  products  formed  in  natural  sea¬ 
water  were  covered  with  a  gelatinous  biofilm  of  bacte¬ 
ria  and  crystalline  deposits  of  copper,  calcium,  and  phos¬ 
phorous. 

EIS  data  often  have  been  used  only  to  determine  R  , 
defined  as  the  limit  of  the  real  part  of  the  impedance  for 
f  =  0: 

Rp  =  lim  {  Re(Z) }  -  Rs .  (18) 

f~>0 


In  this  case,  all  other  important  information  contained 
in  the  impedance  spectrum  is  ignored. 

One  requirement  for  obtaining  valid  impedance  data 
is  linearity,  i.e.,  the  applied  signal  must  be  small  enough 
for  the  system  to  be  linear.  Electrochemical  systems 
usually  are  nonlinear  (Equation  1 0)  except  for  small  de¬ 
viations  from  Ecojr .  Many  studies  have  shown  that  the 
small  signals  applied  in  EIS  did  not  adversely  affect  the 
number,  viability,  and  activity  of  microorganisms  within 
biofilms. 

Based  on  EIS  data,  Ferrante  and  Feron  concluded 
that  alloy  composition  of  steels  was  more  important  for 
MIC  resistance  than  bacterial  population,  incubation 
time,  sulfide  content,  and  other  products  of  bacterial 
growth.43  Several  reports  have  been  published  in  which 
EIS  has  been  used  to  study  the  role  of  SRB  in  corro¬ 
sion  of  buried  pipes  and  reinforced  concrete.  Analysis 
of  these  data  was  qualitative,  and  no  models  for  im¬ 
pedance  behavior  in  complicated  systems  have  been 
presented. 
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Electrochemical  Noise 
Analysis  (ENA) 

No  external  signal  is  applied  in  ENA;  in¬ 
stead,  naturally  occurring  fluctuations  of  the 
kinetics  of  the  electrochemical  reactions 
leading  to  corrosion  are  monitored.  In  prin¬ 
ciple,  electrochemical  potential  or  current 
noise  can  be  recorded  in  galvanostatic  or 
potentiostatic  experiments,  respectively. 
However,  evaluations  of  electrochemical 
noise  phenomena  are  usually  performed  at 
Ecorr' ln  early  studies,  only  potential  fluctua¬ 
tions  were  recorded.  Potential  fluctuations 
can  produce  misleading  results  since  usu¬ 
ally  larger  potential  fluctuations  are  ob¬ 
served  for  passive  systems  than  for  actively 
corroding  systems.  Current  fluctuations  are 
related  to  the  severity  of  corrosion  damage. 
Therefore,  a  commonly  used  approach  in¬ 
volves  collection  of  potential  and  current 
fluctuations.  If  potential  and  current  fluctua¬ 
tions  are  to  be  converted  into  the  frequency 
domain  and  a  format  similar  to  impedance 
data,  then  current  and  potential  fluctuations 


FIGURE  97  -  (right)  Bode  plots  for  99copper  as  a 
function  of  exposure  time  to  artificial  seawater. 
Exposure  times:  1  day  (curve  1);  3  weeks  (curve 
2);  5  weeks. (curve  3);  and  8  weeks  (curve  4).30 
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Bode  plots  for  99copper  as  a  function  of  exposure  time  to  natural  seawater.  Exposure  times-  1 
1),  7  weeks  (curve  2),  and  10  weeks  (curve  3).*>  -=*posure  times,  i 


FIGURE  98  -  (left)  Ex¬ 
perimental  arrange¬ 
ment  for  simulta¬ 
neous  collectionof 
potential,  current, 
and  noise  data  at  a 
remote  test  site.44 


must  be  recorded  simultaneously.  One  reason  for  re¬ 
cording  both  potential  and  current  fluctuations  is  to  cal¬ 
culate  noise  resistance  (Rn)  defined  as: 

Rn  =  0{V(t)}/0{I(t)}  .  (19) 

In  Equation  19,  o{V(t)}  and  o{I(t)}  are  standard  de¬ 
viations  of  potential  and  current  fluctuations,  respec- 
tively. 

An  experimental  approach  for  collecting  potential  and 
current  fluctuations  simultaneously  is  shown  in  Figure 
98.  Two  identical  electrodes  are  connected  to  a  ZRA  or 
a  potentiostat  and  galvanic  current  is  monitored  as  de¬ 
scribed  in  Figure  91.  The  potential  of  the  coupled 


electrodes  is  measured  vs  a  reference  electrode.  It  is 
essential  to  use  suitable  software  for  control  of  the  ex¬ 
periment  and  data  collection  of  a  large  number  of  data 
points. 

In  the  experimental  arrangement  shown  in  Figure  98, 
the  computer  controls  data  collection  from  the  ZRA  and 
a  digital  voltmeter  and  stores  data.  Consideration  must 
be  given  to  frequency  of  data  collection  (i.e.,  number  of 
data/second)  and  the  time  for  which  data  are  to  be  col¬ 
lected  in  each  test  since  these  parameters  define  the 
accessible  frequency  range.  Electrochemical  noise  usu¬ 
ally  occurs  below  1  Hz. 

Effects  of  microorganisms  on  corrosion  of  concrete 
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FIGURE  99  -  Noise  plots,  including  (a)  time  records  and  (b)  potential  distributions  for  steel  concrete  rein¬ 
forcements  after  218  days.45  (1)  covered  reinforcements  (2)  reinforcements  exposed  to  SRB. 
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and  steel  reinforcement  were  studied  in  an  early  appli¬ 
cation  of  ENA.45  A  portable  multichannel  instrument  was 
used  that  also  performed  zero  resistance  ammetry.  Elec¬ 
trochemical  noise  data  were  collected  at  E  with  a 

corr 

microvoltmeter  and  a  computer.  Data  were  converted 
into  the  frequency  domain  and  statistically  analyzed. 
Results  for  a  steel  rebar  reinforced  concrete  block  ex¬ 
posed  to  a  marine  medium  containing  active  SRB  com¬ 
pared  to  results  for  a  covered  rebar  are  presented  in 
two  noise  plots:  a  time  record  and  a  potential  distribu¬ 
tion  chart  showing  the  population  and  magnitude  of 


potential  fluctuations  (Figure  99). 

After  218  days,  the  protective  oxide  film  ruptured  on 
the  covered  rebar,  followed  by  immediate  repassivation. 
Events  recorded  for  the  exposed  rebar  also  showed 
fluctuations;  however,  their  magnitude  was  about  a  fac¬ 
tor  of  10  lower  (Figure  99). 

King  et  al.  interpreted  noise  measurements  for  steel 
pipes  in  environments  containing  SRB  as  being  indica¬ 
tive  of  film  formation  and  breakdown.46  Magnitude  of 
noise  fluctuations  depends  on  the  total  impedance  of 
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FIGURE  100  -  Electrochemical  noise  data  for  type  404L  stainless  steel  under  stagnant  conditions  followed  by 
exposure  to  oxygenated  lake  water  at  arrow.46 
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FIGURE  101  -  Noise  resistance  plots  vs  time  for  car¬ 
bon  steel,  showing  effects  of  hypochlorination  at  two 
different  concentrations  after  nine  months  of  expo¬ 
sure.48 

the  system  (Figure  100).  A  corroding  metal  undergo¬ 
ing  uniform  corrosion  with  fairly  high  corrosion  rates 
may  be  less  noisy  than  a  passive  metal  with  occasional 
bursts  of  noise  due  to  localized  passivity  breakdown 
followed  by  rapid  repassivation. 

Figure  101  shows  the  time  dependence  of  Rn  deter¬ 
mined  for  carbon  steel  exposed  to  untreated  water  af¬ 
ter  hypochlorite  “shock”  treatment  at  two  different  con¬ 
centrations.  Rn  values  indicated  a  beneficial  effect  of 
the  hypochlorite  treatment. 


Surface  Analytical  Techniques 


and  a  linear  range  of  at  least  two 
orders  of  magnitude. 

An  interesting  aspect  of  both  ATR/ 
FT-IR  and  the  QCM  is  that  substrata 
of  both  techniques  can  be  converted 
to  electrodes  for  electrochemical 
analyses  so  that  corrosion  informa¬ 
tion  can  be  obtained  while  changes 
in  microbial  biofilms  are  monitored. 

It  is  now  generally  recognized  that 
biofilms  alter  biofilm/metal  interfacial 
chemistries.  Direct  chemical  mea¬ 
surements  are  restricted  by  biofilm 
thickness  and  the  heterogeneous  and  anisotropic  na¬ 
ture  of  biofilms.52  Ion-selective  and  gas-sensing  micro¬ 
probes  with  tip  diameters  less  than  10  pm  are  being 
used  for  direct  measurements  of  diffusion-controlled  re¬ 
actions  in  biofilms.  A  microprobe  1 5  pm  in  diameter  was 
used  to  simultaneously  measure  dissolved  oxygen  and 
optical  density  at  different  depths  in  a  submerged 
biofilm.53  The  diffusion  coefficient  for  dissolved  oxygen, 
dissolved  oxygen  flux,  and  the  half  velocity  coefficient 
were  then  calculated.  Lewandowski  et  al.  measured  dis¬ 
solved  oxygen  profiles  across  a  mixed  biofilm  on  a  poly¬ 
carbonate  continuous  flow,  open  channel  reactor  (Fig¬ 
ure  102).52 

Van  Floudt  et  al.  developed  a  rugged  iridium  oxide 
pH  microelectrode  with  a  tip  diameter  in  the  range  of  3 
to  5  pm.54  This  microelectrode  was  used  to  measure  a 
pH  profile  across  a  mixed  population  biofilm  on  a  poly¬ 
carbonate  disk.  Lewandowski  et  al.  used  an  iridium  mi¬ 
croelectrode  to  map  the  spatial  distribution  of  pH  over 
a  mild  steel  surface  on  which  a  drop  of  agar  had 


Geesey  and  Bremer  used  ATR/FT-IR  to  evaluate 
nondestructively,  in  real  time,  interactions  of  bacteria 
with  thin  films  of  copper  deposited  on  germanium.49 
Changes  in  the  thickness  of  the  copper  films  were  mea¬ 
sured  as  increased  intensity  of  the  infrared  water  ab¬ 
sorption  band  at  1,640  cm-’.  The  authors  compared 
copper  loss  in  the  presence  of  bacteria  isolated  from 
corroded  copper  samples  and  were  able  to  observe  dif¬ 
ferences  between  two  cultures.  Using  this  technique, 

Jolley  et  al.  observed  copper  oxidation  by  three  poly¬ 
mers,  including  bacterial  exopolymer.50 

Nivens  et  al.  investigated  the  use  of  the  quartz  crys¬ 
tal  microbalance  (QCM),  a  very  sensitive  mass-sens¬ 
ing  device,  for  detecting  attached  microbial  films.5'  The 
QCM  was  more  sensitive  to  changes  in  biomass  than  FIGURE  102  -  Dissolved  oxygen  profile  across  a 

ATFt/FT-IR,  with  a  detection  limit  of  104  bacteria  cm  2  mixed  biofilm  using  a  microelectrode.52 
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pH  over  Mild  Steel  Surface 


FIGURE  103  -  Spatial  distribution  of  pH  on  a  mild 
steel  surface  using  an  iridium  oxide  microelectrode 
(a)  planar  pH  distribution  on  surface  partially  cov¬ 
ered  with  agar  and  (b)  vertical  pH  profile  of  (a).55 


pH  over  Mild  Steel  Surface 


solidified  (Figure  103).55  The  solid  polymer  created  a 
differential  aeration  cell.  The  area  immediately  under 
the  polymer  became  anodic.  Dissolution  of  metal  and 
hydrolysis  reactions  forced  the  covered  area  to  become 
acidic. 

Recent  developments  in  image  analysis  systems,  in¬ 
cluding  electron,  atomic,  and  laser  microscopy,  make  it 
possible  to  image  biological  materials  in  the  hydrated 
state.  Muellar  et  al.  were  able  to  determine  rate  coeffi¬ 
cients  for  early  bacterial  colonization  on  copper,  sili¬ 
con,  stainless  steel,  and  glass  using  a  chemostat,  a 
flow  cell,  and  a  microscope  equipped  with  an  image 
analysis  system.53  Substrata  were  monitored  using  re¬ 
flective  light  from  a  microscope  equipped  with  a 
Nomarski  lens  and  microscope  output  linked  to  a  video 
camera.  Transmitted  light  was  used  for  transparent 
surfaces.  They  demonstrated  that  surface  roughness 
and  surface-free  energy  correlated  positively  with  bio¬ 
logical  and  abiological  sorption  processes. 

Little  et  al.  used  environmental  scanning  electron 
microscopy/energy  dispersive  spectroscopy  (ESEM/ 
EDS)  to  study  marine  biofilms  on  stainless  steel  sur¬ 
faces.5'  They  observed  a  gelatinous  layer  in  which 


FIGURE  104  -  ESEM  images  comparing  areal  cover¬ 
age  for  (a)  wet  biofilm  directly  from  water,  and  (b)  same 
area  after  acetone/xylene  dehydration  as  for  SEM. 57 
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TABLE  8.1 

WT%  OF  ELEMENTS  FOUND  ON 
STAINLESS  STEEL  SURFACE 
AFTER  EXPOSURE  TO  ESTUARINE 
WATER  AND  TREATMENT  WITH 
ACETONE  AND  XYLENE 


ELEMENT 

BASE 

METAL 

AFTER  EXPOSURE 
TO  SEAWATER 

AFTER 

XYLENE 

Fe 

72.55 

11.24 

72.43 

Cr 

18.10 

4.71 

18.17 

Ni 

8.02 

34.00 

7.78 

Si 

.93 

7.35 

1.06 

A! 

.40 

3.33 

0.57 

Cl 

0.66 

S 

0.99 

K 

1.88 

Na 

2.12 

Mg 

4.98 

Ti 

28.74 

bacteria  and  microalgae  were  embedded  and  local  con¬ 
centrations  of  aluminum,  nickel,  and  titanium.  Traditional 
SEM  images  of  the  same  areas  demonstrated  a  loss  of 
cellular  and  extracellular  material  (Figure  100,  page  94). 

Dehydration  of  the  biofilm  with  solvents,  required  for 
SEM,  either  extracted  bound  metals  from  the  biofilm 
by  ion  exchange/solvent  extraction  or  removed  the 
metals  with  extracellular  polymeric  material  (Table  8.1). 

Confocal  laser  scanning  microscopy  (CLSM)  permits 
one  to  create  three-dimensional  images,  determine 
surface  contour  in  minute  detail,  and  accurately  mea¬ 
sure  critical  dimensions  by  mechanically  scanning  the 
object  with  laser  light.58  A  sharply  focused  image  of  a 
single  horizontal  plane  within  a  specimen  is  formed  while 
light  from  out-of-focus  areas  is  repressed  from  view. 
The  process  is  repeated  again  and  again  at  precise 
intervals  on  horizontal  planes,  and  the  visual  data  from 
all  images  are  compiled  to  create  a  single  multidimen¬ 
sional  view  of  the  subject.  Geesey  used  CLSM  to  pro¬ 
duce  three-dimensional  images  of  bacteria  within 
scratches,  milling  lines,  and  grain  boundaries  (Figure 
105).59 

The  atomic  force  microscope  (AFM)  is  related  to  the 


FIGURE  105  -  CLSM  of  a  copper  surface  after  sev¬ 
eral  days  exposure  to  a  freshwater  bacterium  (a) 
reflected  visible  light  image  of  the  surface  show¬ 
ing  milling  lines  (dark  depressed  areas)  and  high 
points  (light  areas),  (b)  reflected  fluorescent  light 
image  of  same  area  showing  acridine  orange- 
stained  cells  on  surface  and  (c)  fluoresecent  im¬ 
age  of  (b)  superimposed  on  (a)  showing  localiza¬ 
tion  of  cells  in  milling  lines.59 
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Rotated  0°  ,  XY  axes  (nm),  zaxis  (nm) 


Rotated  0°  ,  XY  axes  (nm),  zaxis  (nm) 


FIGURE  106  -  AFM  images  of  hydrated  and  submerged  copper  after  seven  days  exposure  to  bacterial  culture 
(a)  biofilm  at  bulk  fluid  interface  and  (b)  vertical  view  of  (a).60 


scanning  tunneling  microscope  (STM).  The  STM  uses 
an  atomically  sharp,  conductive  tip  held  angstroms 
from  the  surface  to  profile  surface  features  with  ang¬ 
strom  resolution.  When  the  tip  is  electrically  biased 
with  respect  to  the  sample,  a  current  flows  between 
the  surface  atom  closest  to  the  tip  and  the  nearest  tip 
atom  by  the  quantum  mechanical  process  of  electron 
tunneling.  While  the  STM  requires  the  sample  to  be 
electrically  conductive  or  coated  with  a  conductive  ma¬ 
terial,  the  AFM  can  be  used  to  image  nonconducting 
surfaces.  The  AFM  does  not  rely  on  tunneling  cur¬ 
rent,  provides  exceptional  detail,  and  allows  viewing 
of  specimens  in  the  hydrated  state.  AFM  uses  an 


extremely  sharp  scanning  probe  mounted  on  a  flexible 
cantilever  to  record  x,y,z  coordinates  of  a  sample  in  frac¬ 
tions  of  a  nanometer.  Photodiode  electrical  outputs  mimic 
sample  topography  and  serve  as  the  basis  for  the  result¬ 
ing  image.  AFM  images  of  copper  exposed  to  a  bacterial 
culture  for  seven  days  showed  biofilms  distributed  het¬ 
erogeneously  across  the  surface  with  regard  to  both  cell 
numbers  and  depth  (Figure  106).  Bacterial  cells  were 
reported  to  be  associated  with  pits  on  the  surface  of  the 
copper  coupons. 

Conversion  of  metals  to  sulfides  by  SRB  has  been  stud¬ 
ied  since  the  late  1800s.  Baas-Becking  and  Moore  iden¬ 
tified  mackinawite,  greigite,  and  smythite  as  indicators 


TABLE  8.2 

MINERALS  FOUND  IN  CORROSION  PRODUCTS  ON  COPPER  EXPOSED 
TO  MIXED  FACULTATIVE  CULTURES  CONTAINING  SRB 


Bacterial  Cultures 


1 

1! 

III 

IV 

V 

VI 

VII 

99Cu 

Chalcocite 

Digenite 

Chalcocite 

Digenite 

Chalcocite 

Djurleite 

Chalcocite 

Digenite 

Spionkopite 

Chalcocite 

Digenite 

Chalcocite 

Djurleite 

90Cu 

1 0Ni 

Chalcocite 

Djurleite 

Chalcocite 

Covellite 

Digenite 

Chalcocite 

Spionkopite 

Chalcocite 

Djurleite 

Chalcocite 

Djurleite 

Chalcocite 

Geerite 

Chalcocite 

Djurleite 

Digenite 

70Cu 

30Ni 

Chalcocite 

Djurleite 

Aniiite 

Chalcocite 

Djurleite 
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for  SRB  corrosion  of  ferrous  metals  in  anaerobic  envi¬ 
ronments.61  McNeil  et  al.  analyzed  sulfide  mineral  de¬ 
posits  on  copper  alloys  colonized  by  SRB  in  an  attempt 
to  identify  specific  mineralogies  indicative  of  SRB  ac¬ 
tivity  (Table  8.2).6Z  Bacteria  were  distributed  through¬ 
out  the  corrosion  layers  associated  with  the  sulfide  cor¬ 
rosion  products.  Some  cells  were  encrusted  with  sul¬ 
fide  deposits  (Figure  107).  The  authors  concluded  that 
formation  of  nonadherent  layers  of  chalcocite  (Cu2S) 
and  the  presence  of  hexagonal  chalcocite  were  indica¬ 
tors  of  SRB-induced  corrosion  of  copper.  The  com¬ 
pounds  were  not  observed  abiotically,  and  their  pres¬ 
ence  in  near-surface  environments  could  not  be  ex¬ 
plained  thermodynamically. 

Sulfur  isotope  fractionation  was  demonstrated  by  Little 
et  al.63  in  sulfide  corrosion  deposits  resulting  from  ac¬ 
tivities  of  SRB  within  biofilms  on  copper  surfaces 
(Table  8.3).  32S  accumulated  in  sulfide-rich  corrosion 
products.  34S  was  concentrated  in  the  residual  sulfate 
in  the  culture  medium.  Accumulation  of  the  lighter  iso¬ 
tope  was  related  to  surface  derivatization  or  corrosion 


FIGURE  107  -  ESEM  image  of  sulfide  deposits  on 
cells  exposed  to  a  mixed  facultative  culture 
containing  SRB.62 


as  measured  by  weight  loss.  Use  of  this  and  the  pre¬ 
ceding  mineralogical  technique  to  identify  SRB-related 
corrosion  requires  sophisticated  laboratory  procedures. 


TABLE  8.3 

SULFUR  ISOTOPE  AND  CORROSION  DATA  AFTER  3  MONTHS  EXPOSURE  TO 
MIXED  FACULTATIVE  CULTURES  CONTAINING  SRB 


Sample 

Sulfur 

Concentration 
in  Solid 
ppm 

5  34S 
in  Solid 

%o 

Sulfur 

Concentration 
in  Medium 
ppm 

5  34S 
in  Medium 

%o 

Weight  Loss 
mg/mm2  x  10-3 
for  Similarly 
Treated  Foils 

Control 

747 

10.2 

372 

0.3 

15.9 

900 

12.3 

514 

0.4 

30.2 

613 

16.5 

580 

0.2 

29.9 

SRB  Culture  1 

26627 

-0.4 

7 

* 

226.3 

36618 

-1.3 

20 

3.7 

131.7 

36695 

-0.8 

16 

8.7 

178.6 

SRB  Culture  II 

4321 

0.6 

20 

23.8 

99.4 

3371 

1.5 

18 

25.8 

227.2 

19490 

-0.7 

11 

* 

169.5 

Insufficient  sulfur 


CHAPTER  9 


Conclusions 


Failure  Analyses _ 

There  can  be  only  one  definitive  test  for  MIC  in  a 
failure  analysis.  It  involves  isolation  of  the  causative 
organisms  from  the  corrosion  site  and  a  demonstration 
that  (a)  the  organisms  can  reproduce  the  phenomenon 
in  an  unaffected  metal  or  alloy  and  (b)  the  effect  is  not 
present  in  an  environment  that  is  identical  except  for 
the  absence  of  the  organisms. 

Such  demonstrations  have  been  extremely  rare  be¬ 
cause  they  require  long  periods  of  time.  Furthermore, 
it  is  difficult  to  reproduce  the  exact  environmental  con¬ 
ditions  of  the  original  corrosion  phenomenon  and  to 
maintain  microorganisms  in  their  natural  consortia.  In¬ 
stead,  a  spatial  relationship  is  typically  established  be¬ 
tween  microorganisms  known  to  contribute  to  corro¬ 
sion  and  the  localized  attack. 

Test  kits  or  direct  culture  techniques  should  be  used 
to  determine  the  numbers  and  types  of  cells.  Micros¬ 
copy,  metallurgy,  and  surface  chemistry  should  be  used 
to  relate  microorganisms  to  the  localized  corrosion. 

It  is  important  not  only  to  document  high  numbers  of 
organisms,  but  also  to  identify  specific  types  of  organ¬ 
isms  that  can  be  linked  to  an  apparent  corrosion  mecha¬ 
nism.  Finding  high  numbers  of  SRB  plus  metal  sulfides 
certainly  makes  a  strong  case  for  MIC.  The  presence 
of  Gallionella  in  conjunction  with  subsurface  cavities 
along  stainless  steel  welds  and  deposits  containing  high 
levels  of  iron,  manganese,  and  chlorine  makes  a  strong 
case  for  MIC  of  stainless  steel. 


Monitoring _ 

In  industrial  situations,  one  must  be  able  to  access 
vulnerable  systems  with  side  streams,  coupons,  or 
probes  to  collect  microbiological  and  electrochemical 
data.  Measurements  of  Ecorrand  redox  potential  can  be 
used  to  determine  changes  in  the  electrolyte  at  the  metal 
surface,  but  cannot  be  used  independently  or  together 
to  determine  corrosion  rates.  Techniques  that  incorp¬ 
orate  zero  resistance  ammeters  can  be  used  to  detect 
the  onset  and  extent  of  MIC.  Electrochemical  current 
noise  and  potential  noise  perturbations  can  signal  the 
onset  of  localized  corrosion.  Rn  determined  from  elec¬ 
trochemical  potential  noise/electrochemical  current 
noise  data  is  considered  equivalent  to  R  .  Both  types 
of  tests  must  be  accompanied  by  some  measure  of 
microorganisms  or  their  activity  to  specify  MIC. 


Prediction 


Data  used  to  make  predictions  about  the  propensity 
of  metal/microbe  combinations  to  produce  MIC  are  rou¬ 
tinely  generated  in  the  laboratory  and  often  involve  zero 
resistance  ammetry  or  large  signal  polarization  tech¬ 
niques  with  abiotic  controls.  In  these  types  of  experi¬ 
ments,  microorganisms  have  been  selected  or  charac¬ 
terized  prior  to  the  initiation  of  the  experiment.  Their 
types,  numbers,  and  spatial  relationship  to  corrosion 
should  be  verified  at  the  end  of  the  experiment.  All  tech¬ 
niques  discussed  in  Chapter  8,  “Recent  Laboratory  De¬ 
velopments,”  have  applicability  in  the  prediction  of  MIC. 
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Caproco  Ltd.,  8741-53  Ave.,  Edmonton,  Alberta, 
Canada  T6E  5E9 


Conoco  Specialty  Products,  600  N.  Dairy  Ashford, 
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Glossary 


Aerobe  -  an  organism  that  grows  in  the  presence  of 
oxygen.  Growth  may  occur  only  in  the  presence  of 
oxygen  (obligate)  or  may  occur  in  the  absence  of  oxy¬ 
gen  (facultative). 

Algae  -  small  single  or  simple  multicellular  plant¬ 
like  organisms  which  grow  normally  in  the  presence  of 
light  by  photosynthesis.  Occur  widely  in  freshwater  and 
are  related  in  population  size  to  the  degree  of  nutrients 
available  to  the  water  body.  Some  are  capable  of  us¬ 
ing  organic  materials  for  growth  (heterotrophy)  and  may 
occur  in  wide  bore  or  shallow  wells  and  in  deeper  wells, 
where  there  is  an  adequate  organic  nutrient  base. 

Anaerobe  -  an  organism  that  can  grow  in  the  ab¬ 
sence  of  oxygen.  Many  of  these  bacteria  are  known  to 
be  so  sensitive  to  oxygen  that  the  presence  of  even 
low  levels  (i.e.,  0.1  mg  0,,/L1)  will  kill  the  cells. 

Anode  -  a  positively  charged  electrode. 

Antibody  -  protein  generated  in  response  to  foreign 
protein  or  polysaccharide. 

Autoclave  -  A  pressurized,  steam-heated  vessel 
used  for  sterilization. 

Biocides  -  specific  compounds  or  groups  of  com¬ 
pounds  which  can,  in  either  a  gaseous,  dry,  suspended 
or  dissolved  state,  cause  a  toxic  (lethal)  effect  on  a 
broad  spectrum  of  target  organisms. 

Biodeterioration  -  biologically  mediated  deteriora¬ 
tion  or  destruction  of  materials,  such  as  paper  prod¬ 
ucts,  woods,  concretes,  paints,  and  metals. 

Biofilm  -  microbial  growth  on  a  surface  in  which 


individual  cells  are  bound  within  a  matrix  of  extracellu¬ 
lar  polymeric  materials. 

Biofouling  -  deterioration  of  any  type  resulting  from 
biological  activities. 

Bioluminescence  -  emission  of  visible  light  by  living 
organisms. 

Biomass  -  total  mass  of  biological  material  within  a 
given  system  usually  estimated  as  a  dry  weight. 

Cathode  -  a  negatively  charged  electrode. 

Colony  -  a  population  of  cells  which  grow  as  a  clus¬ 
ter  or  assemblage  on  a  solid  surface  sufficiently  to  be¬ 
come  visible.  Common  surfaces  used  are  agar  gels  or 
membrane  filters. 

Colony-forming  unit  (cfu)  -  one  viable  cell  that  will 
form  a  separate  colony. 

Community  structure  -  microbial  relationships/inter¬ 
dependence  within  a  biofilm. 

Consortium  -  group  of  cooperative  organisms  that 
maintain  a  common  econiche. 

Corrosion  -  deterioration  of  solid  or  porous  materi¬ 
als  and  their  surfaces  by  physical  and/or  chemical  ero¬ 
sive  mechanisms  which  can  be  influenced  by  the  pres¬ 
ence  of  microorganisms. 

Culture  -  (n.)  observable  growth  of  specific  micro¬ 
organisms  in  laboratory  media;  (v.)  to  grow  specific 
microorganisms  in  laboratory  media. 

Diluent  -  a  substance  used  to  dilute. 


Dissimilatory-  metabolic  changes  that  convert  com¬ 
plex  molecules  to  simple  ones. 

Electrolyte  -  a  substance  that  dissociates  into  ions 
in  solution  and  becomes  a  conductor. 

Enzyme  -  protein  produced  by  a  living  organism  that 
functions  as  a  catalyst. 

Facultative  -  indicative  of  an  organism  capable  of 
performing  in  the  presence  or  absence  of  the  environ¬ 
mental  factor  being  defined. 

Filamentous  -  slender  and  threadlike. 

Fluorochrome  -  fluorescent  dye  used  to  stain  mi¬ 
croorganisms  for  examination  by  fluorescence  micros¬ 
copy. 

Fungus  -  plants  lacking  chlorophyll,  ranging  in  form 
from  a  single  cell  to  a  body  of  branched  filamentous 
hyphae.  Group  includes  yeasts,  molds,  smuts,  and 
mushrooms. 

Galactoside  -  any  of  a  group  of  organic  compounds 
that  produce  galactose  on  hydrolysis. 

Gallionella  -  a  gram  negative  vibrioid  to  straight  rod 
cell  which  excretes  a  ribbon-like  twisted  stalk  out  of 
one  side  of  the  cell,  widely  believed  to  be  the  dominant 
genus  in  iron-related  bacteria  consortia. 

Gene  -  a  functional  hereditary  unit  that  occupies  a 
fixed  location  on  a  chromosome,  has  a  specific  influ¬ 
ence  on  phenotype,  and  is  capable  of  undergoing  mu¬ 
tation. 

Heterotrophic  bacteria  -  bacteria  which  use  organic 
materials  as  principal  sources  of  energy  and  carbon 
for  survival,  growth,  and  synthesis. 

Hydrolysis  -chemical  decomposition  involving  bond 
splitting  and  addition  of  water. 

Immunoassay  -  analysis  and  identification  of  a  sub¬ 
stance  based  on  antigenic  reactions. 

Iron-oxidizing  bacteria  -  bacteria  capable  of  oxidiz¬ 
ing  ferrous  iron  to  the  ferric  form,  commonly  an  aerobic 
event. 

Iron-precipitating  (depositing)  bacteria  -  bacteria 
which  force  the  precipitation  of  iron  salts  inside  or  around 
the  cell  or  within  the  aquatic  environment. 


Iron-reducing  bacteria  -  bacteria  capable  of  reduc¬ 
ing  ferric  iron  to  the  ferrous  form,  commonly  an  anaero¬ 
bic  event. 

Iron-related  bacteria  (IRB)  -  bacteria  that  accumu¬ 
late  iron.  Growths  tend  to  be  predominantly  orange-red 
to  brown.  Any  bacterium  that  can  use  iron  within  its  life 
cycle  in  a  defined  manner  whereby  the  oxides  and  hy¬ 
droxides  become  either  bound  within  or  exterior  to  the 
cell. 

Isotope  -  one  of  two  or  more  atoms  whose  nuclei 
have  the  same  number  of  protons  but  different  num¬ 
bers  of  neutrons. 

Microflora  -  microorganisms. 

Most  probable  number  (MPN)  -  a  statistical  method 
for  the  prediction  of  a  microbial  population  in  a  liquid  by 
the  presence/absence  of  growth  in  various  dilutions. 

Negative  staining  -  a  staining  technique  in  which 
the  dye  forms  a  dark  background  while  the  specimen 
remains  unstained. 

Non-viable  -  not  capable  of  living. 

Obligate  -  descriptive  of  environmental  factors  es¬ 
sential  to  the  survival,  growth,  and  reproduction  of  an 
organism. 

Oligotroph(ic)  -  an  organism  able  to  flourish  in  an 
environment  having  a  low-nutrient  regime. 

Pasteurization  -  the  process  of  heating  to  a  suffi¬ 
cient  extent  to  reduce  the  number  of  nuisance  microor¬ 
ganisms  to  an  acceptable  and  manageable  level.  Usu¬ 
ally  performed  within  strict  temperature  and  time  con¬ 
straints  (e.g.,  60°C  for  30  minutes). 

Periphyton  -  organisms  that  live  attached  to  surfaces 
in  aquatic  environments. 

Petri  dish  -  a  shallow  glass  or  plastic  vessel  with  a 
fitted  lid  that  allows  microorganisms  to  be  grown  under 
aseptic  (free  from  viable  contaminants)  conditions  usu¬ 
ally  in  agar  culture  media. 

Plankton  -  microscopic  organisms  that  float  or  drift 
in  water. 

Recolonization  -  re-establishment  of  a  microbial 
population. 
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Ringer's  solution  -  an  aqueous  solution  of  chlorides 
that  is  isotonic  to  animal  tissue. 


Sessile  -  growing  on  a  surface. 

Spreadplate  -  a  technique  where  the  bacteria  to  be 
enumerated  are  spread  out  over  the  surface  of  a  suit- 
able  agar  culture  medium. 


Thermophilic  -  requiring  high  temperature  for  qrowth 
and  development. 

Tubercles  -  raised  encrustations  on  a  metal  sur¬ 
face. 

Viable  -  capable  of  living  under  favorable  conditions. 
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A 

Abbreviations,  for  electrochemical  testing,  65 
Acid-producing  bacteria 
in  biofilms,  5-6 
and  carbon  steels,  7-8 
Acridine  orange  solutions,  30,  31 
Addresses  of  resources,  107 
Adenosine-5'-phosphosulfate  reductase.  See 
APS  reductase 
Adenosine  triphosphate 

measurement  of,  53-55 
in  specific  bacteria,  53 
Aerobe,  defined,  109 
AFM.  See  Atomic  force  microscope 
Agar 

agar  deep  technique,  41 
types  of,  33-34 

Alcian  blue/alcian  yellow  stain,  57 
Alford  (George)  test,  50 
Algae.  See  also  Diatoms 
defined,  2,  109 
pH,  6 

Alkaline  phosphatase,  45 
Aluminum  and  aluminum  alloys 

current  transients  at  constant  applied 
potential,  2024  alloy,  72 
and  MIC,  17,  75 
American  Petroleum  Institute 
address,  107 
RP-38,  40,  41,  43 


American  Society  for  Testing  and  Materials.  See 
also  ASTM  standards 
address,  107 

Ammonia-producing  bacteria,  6 
Anaerobe,  defined,  109 
Anaerobic  chamber,  37 
Angus  Chemical  Co.,  43,  107 
Anode,  defined,  109 

Antibodies,  cell-bound.  See  Cell-bound  antibody 
assays 

Antibody,  defined,  109 
API.  See  American  Petroleum  Institute 
APS  reductase,  for  SRB  testing,  42,  43 
ASTM  standards 

D4012-81 ,  53 
D4412,  39 
G3-89,  69,  74 
G5-94,  69,  73,  74 
G59-91,  77,  78 
G61-86,  74 
G100,  80 
G 102-89,  70 
G106,  90 

Atomic  force  microscope,  97-98 
ATP.  See  Adenosine  triphosphate 
Attenuated  total  reflectance/Fourier  transform 
infrared  (ATR/FT-IR)  spectroscopy,  95 
Autoclaves 

defined,  109 
types  of,  1 9 


B 

Bacteria.  See  also  Acid-producing  bacteria; 
Ammonia-producing  bacteria;  Iron-depositing 
bacteria;  Metal-depositing  bacteria;  Sulfate- 
reducing  bacteria;  Sulfur-oxidizing  bacteria 
acetogenic,  4 
ATP  content,  53 
autotrophic,  3 
and  biofilm  strata,  3-4 
on  copper  alloys,  32,  33 
environmental  tolerance,  3 
facultative  anaerobic,  3,  32 
filamentous,  3,  32,  50-51 
gram  staining  for  classification,  29 

heterotrophic,  3,  4,  5,  110 
microaerophilic,  3 
nutritional  requirements,  3-4 
obligate  aerobic,  3 
obligate  anaerobic,  3 
oxygen  requirements,  3 
PLFA  profile  analysis,  89 
SEM,  2 
stalked,  50 
true,  50 
types  of,  2 

Battery,  two-cell,  for  SRB  studies,  84 
Biochemical/microbiological  techniques  89 
Biocides 

defined,  109 
and  sampling,  20-21 
Biodeterioration,  defined,  109 
Biofilms 

accumulation  processes,  4 
autoradiography,  89 
bacterial  cells  in,  32,  33 
defined,  109 

dissolved  oxygen  profile,  95 
formation  of,  1  -4 
PLFA  profile  analysis,  89 
polysaccharide-containing,  55-58 
reactions  within,  5-7 
on  sampling  devices,  21-22 
strata,  3 

Biofouling,  defined,  1,  109 
Bioindustrial  Technologies,  41,  43,  107 
Bioluminescence,  defined,  109 


Biomass,  defined,  109 

Biosan  Laboratories,  41,  43,  107 

Bode  plots,  90-91 

Brain  heart  infusion  agar,  33-34 

BUG  CHECK  medium,  43,  44 

C 

Cacodylate.  See  Sodium  cacodylate 
Caproco  Ltd.,  42,  43,  107 

Carbon,  organic.  See  Total  organic  carbon 
Carbon  steels 

and  acid-producing  bacteria,  7-8 
EDS  spectrum  of  tubercular  deposits,  58 
electrochemical  noise  data,  95 
and  metal-depositing  bacteria,  48 
pits,  examples  of,  23-26 
Case  histories.  See  also  Failure  analyses 
aluminum  and  Al  alloys,  17 
copper  and  Cu  alloys,  13-15 
ferrous  metals,  7-13 
nickel  alloys,  16 
titanium  and  Ti  alloys,  17 
Cathode,  defined,  109 
Cathodic  depolarization,  5 
Cell-bound  antibody  assays,  45 
Cells.  See  Test  cells 
cfu.  See  Colony-forming  unit 
Chemical  elements,  as  indicators  of  MIC,  58-60 
Chemical  testing 

ATP  measurement,  53-55 
chemical  elements,  58-60 
polysaccharides,  polyphenols,  and 
proteins,  55-58 

Chloride  ions,  and  pitting,  6-7,  16,  17,  58 
Cholodny  test,  49 
Cladosporium  resinae,  1 7,  72 
Clonothrix,  48,  49,  51 
Clostridium  aceticum,  5 

CLSM.  See  Confocal  laser  scanning  microscopy 
Colony,  defined,  109 
Colony-forming  unit,  defined,  109 
Community  structure,  defined,  109 
Concentration  cells,  and  biofilm  formation,  5 
Concrete,  reinforced.  See  Reinforced  concrete 
Confocal  laser  scanning  microscopy,  97 
Conoco  Specialty  Products,  42,  43,  107 
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Coomassie  blue  stain,  58 
Copper  and  copper  alloys 
AFM  analysis,  98 
bacterial  cells  in  biofilms,  32,  33 
Bode  plots  (99Cu),  91 
cathodic  and  anodic  reactions,  typical 
13 

CLSM  analysis,  97 

EDS  spectra,  15,  59 

films,  ATR/FT-IR  analysis,  95 

MIC  mechanisms,  14 

polarization  curves  (99Cu),  76 

polarization  curves  (naval  brass),  75 

polysaccharide-containing  biofilms,  55-8 

seawater  piping  system  (Cu-Ni),  pitting, 

15 

sulfide  films,  14 

sulfide  mineral  deposits  on,  98-99 
tubing  (Cu-Ni),  cup-shaped  pits,  23 
Corrosion,  defined,  109 
Corrosion  inhibitors.  See  Inhibitors 
Corrosion  potential,  measurement  of,  80-81 
Crenothrix,  6,  46,  48,  49,  51 
Crevice  corrosion 

polarization  techniques,  75 
of  stainless  steels,  12 
Culture,  defined,  109 
Culturing  techniques,  29-30,  33-35 
Czapek-Dox  agar,  34 

D 

Deposits,  sampling  procedures,  20 
Desulfobacter,  45 
Desulfotomaculum,  45 
Desulfovibrio,  36 
Desulfovibrio  desulfuricans,  41 
Diatoms 

defined,  2 
SEM,  2 

Didymohelix.  See  Gallionella 
Diluent,  defined,  109 
Dissimilatory,  defined,  110 
DNA  probes,  45 

DuPont.  See  E.l.  DuPont  de  Nemours  &  Co. 


Consortium,  defined,  109 
Containers,  for  sampling,  19-20 

E 

ECSA  methods.  See  Epifluorescence  cell  surface 
antibody  methods 

EDS  analysis.  See  Energy  dispersive 

spectroscopy  analysis 

E.l.  DuPont  de  Nemours  &  Co.,  42,  107 

EIS.  See  Electrochemical  impedance 

spectroscopy 

Electrochemical  impedance  spectroscopy,  89-90 
Electrochemical  noise  analysis,  91-95,  101 
Electrochemical  testing 
abbreviations,  65 
basic  instrumentation,  66-68 
electrochemical  impedance  spectroscopy, 
89-90 

electrochemical  noise  analysis,  91-95,  101 
electrodes  and  electrode  holders,  62,  63 
66 

experimental  arrangement,  66 
galvanic  current  measurements,  81-84,  92 
galvanostatic  and  galvanodynamic 
techniques,  80 

open-circuit  potential  measurements,  80-1 
potentiodynamic  techniques,  73-79 
potentiostatic  techniques,  68-73 
precautions,  61 
recent  developments,  89-95 
test  cells,  63 

Electrodes.  See  also  Microelectrodes 
Ag/AgCI,  67 

counter,  62,  63,  66,  67,  71,  81 

Cu/CuS04,  67 

cylindrical,  62 

flat  disk  or  sheet,  62,  63 

galvanically  coupled,  81-84,  92 

Hg/HgO,  67 

holders,  62 

reference,  62,  63,  66,  67,  71 ,  81 
rotating  cylindrical,  67,  71 ,  76,  77 
rotating  disk,  67 
saturated  calomel,  66,  67 
working,  62,  63,  66,  71,  81 
zinc,  66 


Electrolyte,  defined,  110 
ENA.  See  Electrochemical  noise  analysis 
Energy  dispersive  spectroscopy  analysis 
and  ESEM,  96-97 

heat  exchanger  tube,  Ni  alloy  400,  16 
limitations,  60 

pit  interiors  on  Cu-Ni  alloy,  59 
seawater  piping  system,  Cu-Ni,  15 
tubercular  deposits  on  carbon  steel,  58 
Enumeration  techniques,  33-35 
Environmental  scanning  electron  microscope 
32,  60,  96-97,  99 
Enzyme,  defined,  110 

Epifluorescence  cell  surface  antibody  methods 
45  ’ 

Epifluorescence  microscopy 

cell  enumeration  procedure,  31 
of  corrosion  deposits,  30,  44 
ECSA  methods,  45 
equipment  and  reagents  for,  30-31 
ESEM.  See  Environmental  scanning  electron 
microscope 

Eucaryotes.  See  also  Algae;  Fungi;  Protozoa 
defined,  1 

Examination  procedures,  19 

Exopolymers,  and  biofilms,  7 

Extinction  dilution  enumeration  technique,  33-35 

F 

Facultative,  defined,  110 

Failure  analyses,  101.  See  also  Case  histories 
Faraday’s  Law,  69-70,  78 

FA  method.  See  Fluorescent  antibody  method 
Filamentous,  defined,  110 
Firefly  luciferin-luciferase.  See  Luciferin- 
luciferase 

Flange,  304  SS,  deposit,  10 
Fluorescent  antibody  method,  45 
Fluorochrome,  defined,  110 
Fourier  transform  infrared  spectroscopy.  See 
Attenuated  total  reflectance/Fourier  transform 
infrared  (ATR/FT-IR)  spectroscopy 
Fractionation,  sulfur  isotope,  99 
Frequency  response  analyzer,  90 
Fungi.  See  also  Yeasts 
defined,  2,  110 


and  MIC  of  Al  alloy  jet  fuel  storage  tank, 
75 

G 

Galactoside,  defined,  110 
Gallionella,  6,  47,  48,  50,  101,  110 
Galvanic  current  measurements,  81-84,  92 

Galvanizing,  and  MIC,  12,  13,  46 
Galvanostatic  and  galvanodynamic  techniques 
80  ’ 

Gels,  and  interfacial  processes,  7 
Gene,  defined,  110 
Gen-Probe  Inc.,  45,  107 
George  Alford  test,  50 
Glass  containers.  See  Containers 
Glutaraldehyde,  20,  22,  32 
Goats,  SRB  antibodies,  45 
Grainge  and  Lund  test,  50 
Gram  staining,  29 
Greigite,  98 

H 

Heat  exchangers,  tubes,  Ni  alloy  400,  localized 
corrosion,  16 

Heterotrophic  bacteria,  defined,  110 
Hydrodynamic  shear  stress,  4 
Hydrogenase 

defined,  4 

for  SRB  testing,  42-45 

Hydrogen  embrittlement,  microorganisms  role 
of,  7 

Hydrolysis,  defined,  110 
Hydrolysis  reactions,  and  pH,  6 

I 

Image  analysis,  recent  developments,  96-99 
Immunoassay,  defined,  11  o 
Impedance.  See  Electrochemical  impedance 
spectroscopy 

Inhibitors,  inactivation  of,  7 
Inoculating  loops,  35 
Inoculum,  29 

IRB.  See  Iron-depositing  bacteria;  Iron-related 
bacteria 

Iron-depositing  bacteria 
defined,  110 
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and  galvanized  piping,  13,  46,  47 
identification  procedures,  48-52 
and  localized  corrosion  of  SS,  8-12 
microbiological  tests  for,  46-52 
staining  techniques,  51-52 
Iron-oxidizing  bacteria,  defined,  110 
Iron-precipitating  bacteria.  See  Iron-depositing 
bacteria 

Iron-reducing  bacteria,  defined,  110 
Iron-related  bacteria,  defined,  110 
Isotope,  defined,  110 

K-L 

Kerosene  fungus.  See  Cladosporium  resinae 
Laboratory  developments,  recent,  89-99 
Leptothrix,  6,  48,  49 

Leuschow  and  Mackenthum  membrane  filtration 

technique,  52 

Linear  polarization,  79 

Liquid  samples,  collection  of,  20-21 

Luciferin-luciferase,  for  ATP  measurement,  53, 

54 

Luggin  probes,  63,  67,  83 

M 

Mackinawite,  98 
Manganese  agar,  34 

Manganese-depositing  bacteria,  8,  48,  58 
Metal-depositing  bacteria.  See  also  Iron- 
depositing  bacteria 

and  localized  corrosion  of  SS,  8-12 
and  tubercles,  reactions  under,  6 
Metallurgical  testing,  23-27 
Meyers  stain,  51-52 
MICKIT  lll-C  medium,  43,  44 
Microalgae.  See  Diatoms 
Microbial  biofilms.  See  Biofilms 
Microbiological/biochemical  techniques,  89 
Microbiologically  influenced  corrosion 
aluminum  and  Al  alloys,  17 
case  histories,  7-17 
chemical  testing,  53-60 
copper  and  Cu  alloys,  13-15 
electrochemical  testing,  61-84 
ferrous  metals,  7-13 
laboratory  developments,  recent,  89-99 


mechanisms,  4-7 
metallurgical  testing,  23-27 
microbiological  testing,  29-52 
monitors,  85-87 
nickel  alloys,  16 
prediction,  101 

sample  identification  and  collection,  19- 
22 

titanium  and  Ti  alloys,  17 
Microbiological  testing 

culturing  techniques,  29-30 

gram  staining,  29 

for  iron-depositing  bacteria,  46-52 

microorganisms,  documentation  of,  30- 

35 

for  sulfate-reducing  bacteria,  36-45 
Microelectrodes 

gas-sensing,  95 
ion-selective,  95 
iridium,  95-96 

Microorganisms.  See  also  Algae;  Bacteria; 

Fungi;  Protozoa 

classifications,  1 
defined,  1 

documentation  of,  30-35 
and  hydrogen  embrittlement,  7 
Microscopy.  See  Atomic  force  microscope; 
Confocal  laser  scanning  microscopy; 
Environmental  scanning  electron  microscope; 
Epifluorescence  microscopy;  Scanning  electron 
microscopy;  Scanning  tunneling  microscope 
MIC.  See  Microbiologically  influenced  corrosion 
Mild  steels 

groundwater  supply  pipeline,  internal 
pitting,  7 

iridium  microelectrode  analysis,  95-96 
pump  column,  perforation,  8 
rising  main,  MIC,  8 

sensors,  linear  polarization  technique,  79 
Monitors  and  monitoring 

biofouling/corrosion  system,  85 
Robbins  Device,  85 
sidestream  scheme,  87 
spool-mounted  device,  86 
strategies,  21,  86,  101 
typical  scheme,  86 
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Most  probable  number  (MPN)  procedure  36 
39,40,110  ’  ’ 

Mycelium,  defined,  2 

N 

NACE  International,  address,  107 

Nalco  Chemical  Co.,  41 

Negative  staining,  52,  110 

Nickel  and  nickel  alloys,  heat  exchanger  tube 

(400),  localized  corrosion,  16 

Nitrogen,  and  microbial  growth,  4 

Non-viable,  defined,  110 

O 

Olanczuk-Neyman  staining  technique,  51 
Oligonucleotide  probes,  fluorescent  dye-labeled 
89 

Oligotroph(ic),  defined,  110 
Open-circuit  potential  measurements,  80-81 

P 

PAS  reagent.  See  Periodic  Acid-Schiff  reagent 
Passive  films,  breakdown  of 
aluminum  alloys,  17 
nickel  alloys,  16 
stainless  steels,  12,  76 
Pasteurization,  defined,  110 
Peptone  glucose  yeast  agar,  34 
Periodic  Acid-Schiff  (PAS)  reagent,  57 
Periphyton,  defined,  110 
Petri  dish,  defined,  110 
Petrolite  Co. 

address,  107 
SRB  broth,  43,  44 
PH 

in  algae,  6 

and  hydrolysis  reactions,  6 
Phospholipid  fatty  acid  profiles,  89 
Phosphorus,  and  microbial  growth,  4,  58 
Pipes  and  pipelines 

air  distribution,  304  SS,  deposits,  10 
Cu-Ni  seawater  system,  pitting,  15 
galvanized,  iron-depositing  bacteria 
deposits,  13,  46,  47 

groundwater  supply,  mild  steel,  internal 
pitting,  7 


rising  main,  mild  steel,  MIC,  8 
Pitting  potential,  69 
Pitting  scans,  74-76 
Plankton,  defined,  110 
Plastic  bags,  for  sampling,  20 
Plastic  containers.  See  Containers 
PLFA  profiles.  See  Phospholipid  fatty  acid 
profiles 

Polarization  curves,  69,  73-79 

Polarization  resistance,  77-78.  See  also  Linear 

polarization 

Polyphenols,  tests  for,  55-58 
Polysaccharides,  tests  for,  55-58 
Postgate’s  media,  38,  43 
Potato  dextrose  agar,  34 
Potentiodynamic  techniques 
linear  polarization,  79 
pitting  scans,  74-76 

polarization  curves  in  vicinity  of  corrosion 
potential,  76-77 

polarization  resistance  measurements 
77-78 

scan  rates,  73 
single  sweeps,  74 
Potentiostatic  techniques 

ASTM  standards,  69,  70 
computer  control,  68 
potentiostatic  current  vs  time  at  applied 
potential,  71-72 

steady-state  current  vs  applied  potential, 
72-73 

Tafel  plots,  69 

Potentiostats,  64,  66,  67-68,  81,  92 
Prediction  of  MIC,  101 
Probes.  See  also  Microelectrodes 
DNA,  45 

oligonucleotide,  fluorescent  dye-labeled, 
89 

Procaryotes.  See  also  Bacteria 
defined,  1 

Proteins,  tests  for,  55-58 
Protozoa,  types  of,  1 

Pump  column,  coal  tar  epoxy  coated  mild  steel, 
perforation,  8 
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Q-R 

Quartz  crystal  microbalance,  95 
R2A  agar,  34 

Rabbits,  SRB  antibodies,  45 
Radiographic  examination 

pipe  wejd,  308L  SS,  27 
tube  walls,  304  SS,  26 
RapidChek  medium,  43,  44,  45 
Recolonization,  defined,  110 
Reduction-oxidation  (redox)  potential,  80 
Refrigeration  of  samples,  22 
Reinforced  concrete,  electrochemical  noise 
data,  92-93 

Resource  addresses,  107 
Ringer’s  solution,  defined,  34,  111 
Robbins  Device,  85 
Rodina  test,  49 

S 

Sample  identification  and  collection,  19-22 
SANI-CHECK  medium,  41, 43,  44 
Scanning  electron  microscopy.  See  also  Atomic 
force  microscope;  Confocal  laser  scanning 
microscopy;  Environmental  scanning  electron 
microscope;  Scanning  tunneling  microscope 
bacterial  cells  in  biofilms,  32,  33 
and  EDS  analysis,  60 
sample  preparation,  31,  32 
sampling  procedures,  20 
Scanning  tunneling  microscope,  98 
SCE.  See  Electrodes,  saturated  calomel 
Schiff’s  reagent.  See  Periodic  Acid-Schiff  (PAS) 
reagent 

Screen,  perforated,  304  SS,  SRB  attack,  11 

SEM.  See  Scanning  electron  microscopy 

Sensitivity,  lack  of,  and  MIC,  12 

Sessile,  defined,  111 

Siderocapsa,  48,  49,  50 

Single  sweeps,  74 

Smythite,  98 

SOB.  See  Sulfur-oxidizing  bacteria 
Sodium  cacodylate,  20 

Software,  for  recording  polarization  data,  68,  69 
Sphaerotilus ,  6,  48,  49,  50 
Spreadplate  enumeration  technique,  33-35,  111 
Staining  techniques,  29,  51-52,  57-58 


Stainless  steels 

air  distribution  piping  (304),  deposits,  10 
anodic  polarization  curves  (430),  73 
crevice  corrosion,  12 
cyclic  polarization  curves  (C-276  and 
304),  75 

electrochemical  noise  data  (404L),  94 
flange  (304),  deposit,  10 
metal-depositing  bacteria  and  pitting,  8- 
12 

open-circuit  potential  measurements,  80- 
SI 

passivity  breakdown,  12,  76 
perforated  screen  (304),  SRB  attack,  11 
pipe  weld  (308L  on  31 6L  pipe), 
subsurface  cavities,  27 
pitting  scans  (316),  76 
sensitization  and  MIC,  12 
standard  polarization  curves  (430),  77-78 
tube  walls  (304),  radiograph,  26 
waste  treatment  tank,  MIC,  11 
weld  seam  (304),  pitting,  9 
weld  seam  (31 6L),  pitting,  9 
Starkey's  media,  39,  40 

Steels.  See  Carbon  steels;  Mild  steels;  Stainless 
steels 

Stern-Geary  equation,  78 

STM.  See  Scanning  tunneling  microscope 

Strata,  in  biofilms,  3-4 

Streaking  method,  35 

Strip  chart  recorders,  64,  68,  80,  83 

Sulfate-reducing  bacteria 

electrochemical  reactions,  5 
field  kit  comparisons,  43,  44 
and  galvanized  steel,  12 
microbiological/biochemical  techniques, 
recent,  89 

microbiological  tests  for,  36-45 

and  mild  steel,  76 

minerals  indicative  of,  98-99 

and  perforated  screen,  304  SS,  11 

and  polarization  curves  for  naval  brass, 

75 

and  stainless  steels,  76 

two-cell  microbiological  battery  used  in 

SRB  studies,  84 


Sulfur  isotope  fractionation,  99 
Sulfur-oxidizing  bacteria,  and  galvanized  steel 
12 

Surface  analytical  techniques,  95-99 

T 

Tafel  plots,  69,  78 

Tanks,  waste  treatment,  SS,  MIC,  11 
Test  cells 

dual-cell  device  using  ZRA,  82-84 
for  electrochemical  testing,  63,  67,  70, 

71 

Test  electrodes.  See  Electrodes 

Testing.  See  Chemical  testing;  Electrochemical 

testing;  Metallurgical  testing;  Microbiological 

testing 

Thermophilic,  defined,  111 

Thiobacillus  thioxidans,  5 

Titanium  and  titanium  alloys,  MIC  resistance,  17 

TOC.  See  Total  organic  carbon 

Toluidine  blue  stain,  58 

Total  organic  carbon,  and  microbial  growth,  4 

Transporting  samples,  22 

Tubercles,  defined,  111 

Tubing,  Cu-Ni,  cup-shaped  pits,  23 


U-V 

Under-deposit  corrosion,  6,  46 
Viable,  defined,  111 
Voltmeters,  83,  92 

W-Z 

Water  samples,  collection  of,  20-21 
Weld  seams 

304  SS,  pitting,  9 

308L  SS,  subsurface  cavities,  27 

31 6L  SS,  pitting,  9 

Williams  Brothers  (Laboratories  of)  Engineering 
Co.,  address,  107 
Yeasts,  defined,  2 

Zero  resistance  ammeters,  61,  81-84,  92,  101 
Zinc  and  zinc  alloys,  galvanized  pipe,  MIC,  12 
13,  46,  47 

ZRA.  See  Zero  resistance  ammeters 


